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Preface 


Up to the present time, no adequate book has existed from which a 
neteorologist could readily obtain information as to findings in physical 
jceanography that have bearing upon problems of the atmosphere. Nor 
las any text been available that, besides describing the methods used in 
physical oceanography, also contained a summary of our present knoyrl- 
idge of the current systems of the oceans and of the processes that main'< 
lain the currents. It is to fill these needs that this book has been written. 

The processes of the sea surface are of the most direct meteorological 
significance. Consequently, the temperature, the salinity, the currents 
of the upper layers of the oceans, and the factors that control the existing 
t ord’+ions ar^l*the features which have been emphasized. Since these 
(aui be fifily undetshjKid without takmg the subsurface conditions intp 
ircuUnt, *he dee^Watet eiroulation of the ociean^ hjk. b“en discussed 
of the.ljMfge'^aaki jceai imrtntB and df thf ’ "nicf 
have bwti»/j9w4dd«*d, leeausein oceahoji^phy^ th' ftpi 
« hy^d,T *.»at > » of ^B^dwriojital importance Wan v Uio 
IK <01011^' to ihftt of correspondhM; » thie 

' S 4 d Miw-hfa hRVOruAWo disctlsW* fite ^des 

i ip. 'tSw oMsaPA 

i \ \ 'iM 

the 06 ^ curtii 
iMioeo^pl 

i «|4jr Dae k I 

(d lifbtol diSetoaij?*^ 

i fak applioa^ 

of (Pontimiity in ihe des<a^ptio» of the ocean drculetion. p 

^ Not^erenoiSB to original papeft ire given, but several etandiof! 
fei^e^listed, some of vdiioh contain numeroue references to meteor 
and oceanographic literature, i- i 

I^am much indtibted to my colleagues* Messrs. Johnson and ^ 
Uheir pennissieh to maka nse ^ many parts of our common boojk* pdty 
tress: Tha OOsiWi; Cbm 4 »tirp, ttnd OmeetA 

flatly ^ Mr. jol^sx A. jleinin|{, iDhreclion of the Bepafto" 
jfiterosjriar pi(me$ie InsiJ^tiott <;jf Washington, il 
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ing me free u&e of unpublished data from the last cruise of the Carnegie. 
I am. also gieatly obliged to Mr. W. C. J acobs for allowing me to use 
several figures fiom his as yet unpublished paper on the exchange of heat 
and water vapor between the oceans and the atmosphere. 

Valuable assistance has been received from Mr. L Lek, who has 
carried out a large number of calculations of transport by ocean currents 
and of net heat received by the oceans in the Northern Hemisphere. 
Most of the illustrations have been prepared especially for either the 
larger book or for this one, and credit for them is due Mr. E. C. La Fond. 
The manuscript has been critically examined by Mr. R,. H. Fleming, and 
parte have been read by Messrs. J. Holmboe, of the University of Cali- 
fornia at Los Angeles, C.-G. Rossby, of the University of Chicago, and 
C. L. Utterback, of the University of Washington, all of whom have 
made helpful suggestions. To all these I extend my sincere thanks. 
Last, but not least, I wish to acknowledge the help received from my 
secretary. Miss Ruth Ragan, in correcting the manuscript, in reading 
proof, and in preparing indices. 

H. U. SvBBnnrp 

Sonpps Inatitiition of Oceanography 
Uiuveimty of California 
lift JoUa, California 
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Introduction 


The Heat Budget of the Earth 

The importance of the oceans to the circulation of the atmosphere is 
best understood by considering briefly the heat budgets of the earth as a 
whole and of the atmosphere. Tho earth as a whole receives and loses 
energy by processes of radiation. Radiation is described, in gencial, as 
a wave motion which, when absorbed in a medium, is transformed into 
some other form of energy, such as heat. The wave length of radiation 
varies vdthin very wide limits, but tho radiation that is of importance to 
the energy balance of the earth all falls within a relatively narrow range. 
The wave lengths will here be given in the unit ft, wliich is equal to 
10“* mm. In this unit the wave lengths of the visible light fall approxi- 
mately within 0.38 n and 0.7 |t, and the radiation that is of importance 
to the heat budget oi the earth falls within the limits 0.15 fi and about 
120 / 1 . 

The energy which the earth receives by radiation from the sun is in 
part reflected from the earth’s surface or from clouds and is in part 
absorbed in the atmosphere or at the earth’s surface. Only the absorbed 
amount is of importance to the heat budget of the earth. The earth 
loses energy by radiation to space, partly directly from the earth’s 
surface and partly from the atmosphere. On an average, the amounts of 
incoming and outgoing energy are at balance, because otherwise’ the 
temperature of the earth would change, and no evidence exists for 
measurable changes of this kind. In order to study this balance and to 
examine the heat budget of the atmosphere, it is necessary to enter 
briefly upon certain characteristics of the radiation from different bodiSs. 

BnacK-BODY Radiation. A body of a given temperature emits 
radiation of different wave lengths, the amount of radiation from a unit 
surface depending upon the temperature and the character of the radi- 
ating body. According to experience, at every temperature there is an 
upper limit to the amount of radiation that is emitted A body which 
at any given temperature emits the maximum amount of radiation at 
every wave length is called a “black body,” For a black body the total 
amount of energy radiated per unit time from a unit area equals <rT,^ 

1 
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where o- is a constant (Stefan’s constant) and where T is the absolute 
temperature. This relation is known as Stefan’s law. If radiation is 
measured in gram calones per square centimeter per minute, the numeri- 
cal value of ff is 82 X 10~“. The energy of radiation of difierent wave 
lengths, X, is expressed by Planck’s law, which can be written 


Ex , ct(xr)-» 
r ® SL 

exr _ 1 


= /(XT), 


where Ex is the energy emitted per unit area and unit time within a unit 
range of wave length and where ci and c* are constants. The function 
/ (XT) IS zero for X = 0 and X = «> and is at a maximum when the value 
of XT equals 2940. Therefore the wave length of maximum radiation, 



X**, equalb 2940/ T; that is, for bodies of temperature 6000°, 300°, and 
200° the maximum energy of the radiation is nearly at wave lengths 
0.5 10 th *md 16 Mi respectively. 

The distribution of the energy can be foimd by plotting /(XT) against 
XT (fig. 1)* Tfaq relation between the emitted energy at a given tempera- 
ture T and wave length X is found from this figure by dividing the scale 
vahtee along the absoisaa by T and multiplying the scale values along the 
Ordinate by T^ 

Suuecnvn EanuTiojT and Absorption, Most gases and vapors do 
Bfet as blaek bodies, but at certain wave lengths they emit 

of an intenrily comparable to the intensity of black-body 
o£ saipp tempemture. If the rate at which a body radiates 
fe oaSlqd •^’^eu^issive poiVer'^ (Brunt, 1939), it can be stated 
<tt R black body is a continuous function of 
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temperature, in accordance with Planck’s law, whereas the emissive 
power of a gas may correspond to that of a black body of the same 
tempeiature at a few wave lengths only and may be nearly ml at other 
wave lengths The rate at which radiation is absorbed pei unit aiea, 
the “absorptive power,” is related to the emissive powei in a manpor 
that is expressed by Kirchhoff’s law: At a given temperature the latio 
between the absorptive and emissive power for a given wave length is the 
same for aU bodies This law implies that, if a body emits radiation of a 
given wave length at a given tempeiature, it will also absoib radiation 
of that same wave length. Therefore, any gas which emits only a radia- 
tion of certam wave lengths also absoibs only radiation of these wave 
lengths, and this type of radiation and absorption is .called selective. 

Eadiation raoM the Sun. The radiation from the sun is being 
examined by the Smithsonian Institution at high-all itude stations in 
California, Chile, and Smai By measurements at high altitudes, with 
the sun at different distances from zenith, it is possible to draw con- 
clusions as to the solar radiation that reaches the limit of the atmospheie. 
It has been found that at wave lengths greater than 0 3 a this radiation 
has neaily the character of radiation from a black body at an absolute 
temperature of 5600“ to 6000®. The maximum intensity lies close to a 
wave length of 0 5 /i, and at wave lengths gieater than about 2.6 p the 
energy is negligible. The radiation from the sun is therefore called 
shoit-wave radiation. It is continuous except for a few bands that show 
the ofleet of absorption in the sun’s atmosphere. The inte nsit y of n ormal 
incident radiation is. on an average. 1.94 g eal/om^/m in, an dthiaintenaity 
is called th ^ “anlar cons tant. ” 

Evidence has been accumulated which indicates that in the ultra- 
violet, at Wave lengths shorter than 0,3 p, the sun does not radiate as a 
black body but emits a greater and possibly variable amount of energy. 
This energy is absorbed in the very highest atmosphere and is not 
measurable. In the following sections it will therefore be necessary to 
(hsregai'd this component of the solar radiation, although it may -con- 
tribute significantly to the heat balance of the earth and the heat budget 
of the atmosphere. 

Of the incoming radiation a considerable fraction is reflected from 
the atmosphere, the earth’s surface, and the upper surfaces of the clouds. 
According to ^drich (Brunt, 1939) the average fraction for the whole 
earth is 0.43. This figure therefore represents the albedo of the earth. 
The reflected portion of the solar radiation plays no part in the heat 
budget of the earth. During one year the BiVerage solar radiation that 
reaches the limit of the earth’s atmosphere is SrB^/AvE^ » S/i, whore S 
is the sojiar constant and R is the radius of the earth. With S «= 
g oal/omVinin, one obtains /S/4 * 0.486 g eal/cmVmin, of which 0.209 
is lost by reflection and 0,2?6 is lost by back radiation to space. 
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According to Fowlc, on a clear day with the sun at zenith, 6 to 8 per 
cent of solar radiation of wave length greater than 0.3 n is absorbed in 
the atmosphere, primarily by the water vapor, which shows some narrow 
absorption bands in the Aricinity of wave length 1.0 /*. 

.Long-wavb RAniATioN TO Space. The loss of heat by radiation is 
due in part to radiation from the water vapor in the atmosphere and in 
part to radiation from the earth’s surface, which, escapes without being 
absorbed in the atmosphere. At the prevailing temperature on the 
earth the maximum intensity of the outgoing radiation lies at wave 
lengths 10 n to 15 n, and this radiation is therefore called long-wave. 

The water vapor is the only component in tbjB atmosphere which 

absorbs o r emits a nnreciable amounts of radiation at the temperatures 

.that prevail in the atmosphere, bu t the radiation and absorption arc 

highly selective. _ Radiation of certain wave lengths is comple tely 

^absorbed in a small mass of water vapor, whereas for other wa ve lengths 

. Ithe water vapor is nearly transparent. Studies of the mechanism of the 

' radiation characteristics of water vapor in the atmosphere are in rapid 

progress, but a summary of the present status would lie beyond the scope 

^ of this brief discussion. It must suffice to state that, owing to ihe 

>. selective absorption of the water vapor, a certain part of the outgoing 

I long-wave radiation comes directly from the earth’s surface. This part 

is of great importance to the heat budget of the earth as a whole, but 

does not enter in the heat budget of the atmosphere. 



The Heat Budget of the Atmosphere 

Accepting the above values of the solar constant, 1.94 g cai/cm*/min, 
and the earth’s albedo, 0.43, one obtains that, of the incoming radiation 
from the sun, an annual average amount of 0.276 g cal/cmVmin reaches 
the surface of the earth or is absorbed in the atmosphere. The same 
average amount must be lost by radiation to space from the water vapor 
g ,nd clouds in the atmosphere or directly from the earth’s surface. As 
yet ft is not possible to separate the amounts that are lost by these two 
.processes, but it is possible to state ceftain limits between which the 
’ direct loss from the earth’s surface must lie. 

The surface of the earth radiates nearly as a black body and emits 
therefore an amount which approximately equals where T, is the 
temperature of the surface. The earth’s surface also receives radiation 
from the water vapor and the clouds in the atmosphere, but this amount, 
which may be called R, is nearly always smaller than aT,^. The differ- 
ence, (fT* R) represents the “effective radiation of the earth’s surface,” 
or the “nocturnal radiation” (p. 68). The greatest possible lose of 
radiation ffireetly from the earth’s surface woidd occur if the effective 
radiation escaped without being absorbed in the atmosphere, and the 
' smallest possible loss would take place if the effective radiation were 
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completely absorbed in the atmosphere. It is probable that the greater 
part of the effective radiation escapes because the water vapor is nearly 
transparent for radiation of wave lengths between 8.5 and 11 p., at 
which the black-body radiation of the earth’s surface is nearly at a 
maximum. 

The average value of the effective radiation over all oceans between 
70°N and is about 0.090 g cal/cmVmin (p. 59). The effective 
radiation from the land areas between the same latitudes is probably 
greater, whereas that from the polar regions is smaller. The above 
value may therefore be taken as a fair estimate of the average value for 
the earth. Accordingly the radiation from the atmosphere must lie 
between the limits 0.186 g cal/cm*/min and 0.276 g cal/cra*/min — prob- 
ably closer to the former. Since the heat gained by the atmosphere by 
absorption of radiation or by other processes must equal the loss by 
radiation, the gain must also lie between the same limits. 

This gain can be further analyzed, since it may be brought about by 
(1) condensation of water .vapor in the atmosphere, (2) conduction of heat 
from the earth’s surface, (3) absorption of short-wave radiation from the 
sun, and (4) absorption of long-wave radiation from the earth’s surface. 

The amount under item (i) could be computed if one knew approxi- 
mately the total precipitation on the earth. According to Wiist the 
tot'd precipitation on the whole earth is 396,000 km®/year, corresponding 
t ) an average amount of heat released by condensation equal to 0.086 
g cal/omVniin. Under item (2) the average amount of heat conducted 
from the oceans to the atmosphere between latitudes 70°N and 70®S has 
been estimated at 0.013 g cal/cmVmin. The conduction from the land 
areas between the same latitudes is probably smaller, and in the polar 
region heat is conducted from the atmosphere to the earth’s surface. 
On an average for the whole earth, item (2) can therefore be estimated 
at 0.010 g cal/cm®/min. The amounts of absorbed radiation, items 
(3) and (4), have not been estimated, but the limits of the amoimts can 
be found because the sum of all items must lie between 0.186 and 0.276 
g cal/cra®/min. On this basis the heat budget of the atmosphere can be 
summarized as follows: 

Mimmxirn Mamtmm 

Heat gained by (g oal/cmVniin) (g cal/emVniiu) 

Cendenaation of water vapor. .086 086 

Conduction of heat from the earth's surface. . 010 010 

Absorption of radiation .000 .180 

.186 276 

Heat lost by radiation .186 . 276 

It is probable that the true values lie closer to those listed under the 
minimum heat budget. 

All numerical values given here are subject to revision, but such Te\d- 
sion is hot likely to reverse the feature which the available data bring 
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out — namely, that the condensation of water vapor in the atmosphere 
accounts for nearly half the amount of energy which the atmosphere receives 

The Atmosphere as a Thermodynamic Machine 
-So far, we have considered only the average heat budget of the atmos- 
phere and have not examined the geographic and seasonal distribution 
of the regions in which heating and cooling take place. Such an examina- 
tion cannot be made in detail because our knowledge of the processes 
of radiation in the atmosphere and of the regions where condensation of 
water vapor takes place is inadequate. It appears certain, however, 
that the greater heating takes place in the Tropics and the greater cooling 
in the high latitudes, so that on an average heat must be transported from 
the Tropics to the polar regions in order to maintain an approximately 
stationary distribution of temperature. It is also probable that this 
transport of heat takes place mainly by air currents, which implies that 
the atmosphere is a thermodynamic machine that transforms heat into 
kinetic energy. This kinetic energy is dissipated by friction and trans- 
formed back again into heat that is lost by radiation. If the machine 
runs at a constant speed, the amount of heat which in unit time is trans- 
formed into kinetic energy must equal the amount of heat which in unit 
time is generated by dissipation of kinetic energy. 

In a thermodynamic machine that produces kinetic energy the heating 
must take place, according to a theorem formulated by V. Bjerknes 
(Bjerknes et al, 1933), under a Mgher pressure and the cooling under a 
lower pressure. Applied to the atraospWe the theorem states that heat- 
ing must take place at a lower altitude and cooling at a higher altitude. 
This condition is fulfilled in the atmosphen"' because condensation of 
water vapor does take place at a relatively low altitude; absorption of 
long-wave radiation from the earth also takes place at relatayely low 
altitudes, whereas radiation to space from the water vapor and the upper 
surfaces of clouds takes place from high altitudes. Thus, the general 
features of the thermodynamic machine represented by the atmosphere 
can be recognized, but the details are not understood. A discussion of 
the interaction between the oceans and the atmosphere will supply some 
of the details that have to be considered and is therefore necessary for 
the better comprehension of the atmospheric circulation. 

Several attempts have been made at an examination of the general 
character of the atmosphere as a thermodynamic machine, the latest and 
most yridely quoted bring that by Simpson (Bjerknes ei al, 1933; Brunt, 
1939). Simpson considers only the distoburions with latitude of the 
short-wave radiation and the total outgoing long-wave ladia-r 
tion, making certain rimpllfying assumprions as to the absoiptioh spec- 
trum of the water vapor. He finds that the earth receives a surphis of 
radiation up to laritude Sfi** and concludes that this surplus must be 
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transported by winds to higher latitudes in order to counterbalance the 
radiation deficit existing there. Simpson does not, however, examine 
the manner in which the mcoming radiation becomes available for heatin g 
the atmosphere. He is therefore not concerned with the important part 
played by condensation of water vapor in the atmosphere. Taking this 
into account and considering also that part of the outgoing radiation 
from the earth’s surface escapes without influencing the heat budget ot the 
atmosphere, this heat budget becomes much more complicated, and 
Simpson’s numerical values for the heat transport by the atmosphere 
across parallels of latitude lose much of their significance. 

The Oceans as Part of the Subsurface of the Atmosphere 

Since the absorption of long-wave radiation from the earth’s surface 
and the condensation of water vapor that is supplied to the atmosphere 
from the earth’s surface are factors of dominant importance to the heat 
budget of the atmosphere, it is evident that the thermal characteidstics 
of the surface must be examined when studying the atmospheric circula- 
tion. Over the land areas, an interaction between the surface and the 
circulation of the atmosphere evidently takes place Thus, a covering 
of snow greatly increases the reflection of incoming short-wave radiation, 
dense clouds alter the radiation phenomena, heavy rainfalls that moisten 
the ground change the possibilities for evaporation, and so on, and every 
change must be reflected in a change in the pattern of atmospheric 
circulation. 

The character of the ocean surface is veiy different from that of the 
land, mainly beckuse the ocean water can be set in motion. The heat 
absorbed near the surface is distributed over a relatively deep water layer 
through the stirring by waves and wind currents and it is transported 
over long distances by ocean currents that are more or less directly pro- 
duced by the prevailing winds. Heat which in one season is absorbed 
in one part of the sea may therefore in another season be used for evapora- 
tion in a different part of the sea, depending upon the types of currents 
that the general circulation of the atmosphere induces. The oceans, aa 
far as their interaction with the atmosphere is concerned, are a flexible 
medium that responds to changes in the circulation of the atmosphere. 
Inasmuch as the greater part of the water vapor in the atmosphere is 
supplied by evaporation from the oceans, the relation between the atmos- 
phere and the circulation of the oceans becomes important, because this 
relation will determine the seasons and the regions from which excessive 
evaporation takes place. Thus the heat budget of the oceans and of the 
ocean currents is of the greatest importance to the atmosphere. In order 
to discuss this heat budget and the cuitents it is necesaary first to deal 
n^ith some of the physical properties of sea water. 
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Physical Properties of Sea Water 


The physical properties of pure water depend upon two variables, 
temperature and pressure (Dorsey, 1940; International Critical Tables), 
whereas for sea water a third variable has to be considered — namely, the 
salinity of the water, which will be defined and discussed below. Some 
of the properties, such as compressibility, thermal expansion, and refrac- 
tive index, are only slightly altered by the presence of dissolved salts, but 
other properties that are constant in the case of pure water, such as 
freezing point and temperature of maximum density, are dependent, in 
the case of sea water, on salinity. Furthermore, the dissolved salts add 
new properties, such as osmotic pressure and electrical conductivity. 

When dealing with sea water as it occurs in nature, it must also be 
taken into account that important characteristics are greatly modified by 
the presence of minute suspended particles or by the state of motion. 
Thus, the absorption of radiation in the sea is different from the absorp- 
tion of radiation in pure water or in "pure” .sea water because the waters 
encountered in nature always contain suspended matter that causes 
increased scattering. of the radiation and, consequently, an increased 
absorption in layers of similar thickness. The processes of heat conduc- 
tion, chemical diffusion, and transfer of momentum from one layer to 
another are completely altered in moving water, for which reason the 
coefficients that have been determined under laboratory conditions must 
be replaced by corresponding eddy coefficients. Some of the physical 
properties of sea water, therefore, depend only upon the three variables, 
temperature, salinity, and pressure^ which can all be determined with 
great accuracy, whereas others depend upon such variables as amount of 
suspended matter or character of motion, which at present cannot be 
accurately determined. 

Salinity, Temperature, and Pressure 

SAtnnTY, Salinity is commonly defined as the ratio between the 
weight of the dissolved material and the weight of the sample of soa 
' water, the ratio being stated in parts per thousand or per nulle. In 
oceanography another definition is used because, owing to the complexity 
of sea water, it is impossible by 'direct chemical analysis to determine the 
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total quantity of dissolved solids in a given, sample. Furthermore, it is 
impossible to obtain reproducible results by evaporating sea water to 
dryness and weighing the residue, because certain of the material present, 
chiefly chloride, is lost in the last stages of drying. These difiiculties can 
be avoided by following a technique yielding reproducible results wliich. 
although they do not represent the total quantity of dksolved solids, do 
represent a quantity of slightly smaller numerical value that is closely 
related and by definition is called the salimty of the water. This tech- 
nique was established in 1902 by an International Commis.sion, according 
to which the salinity is defined as the total amount of solid material in 
grams contained in one kilogram of sea water when all the carbonate 
has been converted to oxide, the bromine and iodine replaced by chlorine, 
and all organic matter completely oxidized. 

The determination of salinity by the method of the International 
Commission is rarely if ever carried out at the present time because it is 
too difficult and slow, but, inasmuch as it has been established that the 
dissolved solids are present in constant ratios, the determination of any of 
the elements occurring in relatively large quantities can be used as a 
measure of the other elements and of the salinity. Chloride tons make 
up approximately 55 per cent of the dissolved solids and can be deter- 
mined with ease and accuracy by titration with silver nitrate, using 
potassium chromate as indicator, The empirical relationship between 
salinity and chlorinity, as established by the International Commission, is 

Salimty = 0.03 + 1.805 X Chlorinity. 

The chlorinity that appears in this equation is also a defined quantity and 
does not represent the actual amount of chlorine in a sample of sea water. 
Both salinity and chlorinity are always expressed in grams per kilogram 
of sea water — that is, in parts per thousand, or per milie, for which the 
symbol °/oo is used. In practice, salinity is determined with an accuracy 
of ±0.02%o. 

The salinity of a water sample can also be found by determining the 
density of the sample at a known temperature, because empirical relation- 
ships have been established by which the density can be represented as a 
function of salinity (or chlorinity) and temperature. Other indirect 
methods for determining salinity are based on measuroments of the 
electrical conductivity or the refractive index at a known temperature. 
In order to obtain the needed accuracy, the difference is measured in 
electrical conductivity or refractive index between the sample and a 
sample of known salimty that lies fairly close to that of the unknown 
sample. 

The salinity in the oceans is generally between 33*/oo and 37 “/co- 
In regions of high rainfall or dilution by rivers the surface salinity may be 
considerably less, and in certain semi-enclosed areas, such as the Gulf of 
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Bothnia, it may be below 6 Voo* On the other hand, in isolated seas in 
intei mediate latitudes where evaporation is excessive, such as the Red 
Sea, salinities may reach 40 °/oo or moie. As the range in the open oceans 
is rather small, it is sometimes convenient to use a salinity of 36.00 °/oo 
as an average for all oceans. 

Tempehatuhe. In oceanography the temperature of the water is 
stated in degrees centigrade. In the oceans the temperature ranges from 
about —2® to 4-30®C. The lower limit is determined by the formation 
of ice, and the upper limit is determined by processes of radiation and 
exchange of heat with the atmosphere (p. 74). In landlocked areas the 
surface temperature may be liigher, but in the open ocean it rarely 
exceeds 30®C. 

Pbesstjbe. Pressure is measured in units of the e.g.s. system, in 
which the pressure unit is 1 dyne/cm*. One million dynes/cm® was 
designated os 1 bar by V. Bjerknes. The corresponding practical unit 
used in physical oceanography is 1 decibar, which equals Ko bar. The 
pressure exerted by 1 m of sea water very nearly equals 1 decibar; that is, 
the hydrostatic pressure in the sea increases by 1 decibar for approxi- 
mately every meter of depth. Therefore ike depth in meters md the 
pressure in decibars are expressed by nearly the same numerical value. This 
rule is sufficiently accurate when considering the effect of pressure on the 
physical properties of the water, but details of the pressure distribution 
must be computed fiom the density distribution (p. 99). 

Owing to the character of the distribution of temperature and salinity 
in the oceans, some relationships exist between these quantities and the 
pressure. The temperature of the deep and bottom water of the oceans 
is always low, varying between 4° and — 1®C, and high pressures are 
therefore associated with low tempieratures. Similarly, the salinity of 
deep and bottom water varies within narrow limits, 34.5 ®/oo — 35.0 ®/oo, 
and high pressures are therefore associated with salinities between these 
limits. Exceptions are found in isolated seas in intermediate latitudes 
such' as the Mediterranean and Red Seas, where water of high temperature 
and high salinity is found at great depths — that is, under great pressures. 

Density of Sea Water 

The density of any substance is defined as the mass per unit volume. 
Thus, in the o.g.s. system, density is stated in grams per cubic centimeter. 
The specific gravity is defined as the ratio of the density to that of 
distillsd water at a given temperature and under atmospheric pressure. 
In the c.g.8. system the density of distilled water at 4®C is equal to 
unity. In oceanography specific gravities are now always referred to 
distilled water at 4®0 and are therefore numerically identical with 
densities. The term density is generally used, although, strictly speaking, 
specific gravity is always oonadered. 
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The density of sea water depends upon three variables: temperature, 
salinity, and pressure. These are indicated by using for the density the 
symbol p»,a,p, but, when dealing with numeiical values, space is saved by 
introducing the symbol Vi.a.p, which is defined in the following manner: 

“ ipt,9,p “ 1)1000. (II, 1) 

Thus, if p,,g,p = 1.02575, = 25.75. The density of a sea-water 

sample at the temperature and pressure at which it was collected is 
called the density tn situ and is generally expressed as <r,,i,p. At atmos- 
pheric pressure and temperature the corresponding quantity is 
simply written o-j, and at 0“ it is written <ro. The symbol & will be used 
for temperature except when writing vj, where, following common 
practice, t stands for temperature. 

At atmospheric pressure and at temperature of the density is a 
function of the salinity only, or, as a simple relationship exists between 
salinity and chlorinity, the density can be considered a function of 
chlorinity. The International Commission, which determined the 
relation between salinity and chlorinity and developed the standard 
technique for determinations of chlorinity by titration, also determined 
the density of sea water at 0® with a high degree of accuracy, using 
pycnometers. From these determinations the following relation between 
(To and chlorinity was derived: 

<ro = -0,069 + 1.4708 Cl - 0.001570 Cl* + 0.0000398 Cl». 

Corresponding values of vo, chlorinity, and salinity are given in Knudsen’s 
Hydrographical Tables for each 0.01 per mille Cl. 

In order to find the density of sea water at other temperatures and 
pressures, the effects of thermal expansion and compressibility on the 
density must be known. The coefficient of thermal expansion has been 
determined in the laboratory under atmospheric pressure, and according 
to these determinations the density under atmospheric pressum and at 
temperature t? can be written in the form 

oTj = ffo — D. (ll, 2) 

The quantity D is expressed as a complicated function of vo and tempera- 
ture, and is tabulated in Knudsen’s Hydrographical Tables, The values 
of (Tt are widely used in dynamical oceanography. Knudsen’s tables also 
contain a tabulation of D as a function of Vf and temperature, by means 
of which Co can be found if v* is known (co »= -1- D). This table is 

useful for obtaining the salinity of a water sample the denaty of which 
has been directly determined at some known temperature. 

The effect on the density of the compressibility of sea water of 
different salinities and at different temperatures and pressures wns 
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examined by Ekman, who established a complicated empirical formula 
for the mean compressibility between pressures 0 and p decibars. From 
this formula, correction terras have been computed which, added to the 
value of at, give the corresponding value for any value of pressure. 

. Computation op Density and Specific Volume in Situ. Tables 
from which the density in situ, a,,a.p, could be obtained directly from the 
temperature, salinity, and pressure with sufficiently close intervals in the 
three variables would fill many large volumes, but by means of various 
artifices convenient tables have been prepared. Following the procedure 
of Bjerknes and Sandstrom (1910), one can write 

P. = PJ'i.O 0 + «» + + e, + Sp + + *«.■», Ji. (11, 3) 

The first four terms can be expressed by at, which can readily bo deter- 
mined by the methods outlined above, and the remaining terms represent 
the effects of the compressibility. 

Instead of the density in situ, its reciprocal value, the specific volume 
in situ, a,,a,p, is generally used in dynamic oceanography. In order to 
avoid operating with large numbers, the specific volume is commonly 
expressed as an anomaly, 5, defined in the following way: 

S “ cia,a,p ofs&.o.p, (II> 

where aot.o.p is the specific volume of water of salinity, 36®/oo and O'C, at 
the pressure p in decibars. The anomaly depends on the temperature, 
salinity, and pressure, and hence can be expressed as 

fi = S« + + S,,p -f- Sg,p -(- (II, 6) 

It should be observed that the anomaly, by definition, does not contain a 
term Sp, which would represent the effect of pressure at temperature 0" 
and salinity 35.00 “/oo. The reason for this is explained on p. 100. Of 
the above terms, the last one, 6i.s,p, is so small that it can always be 
neglected. Thus, five terms are needed for obtaining 5, and these were 
tabulated by Bjerknes and Sandstrom (1910). If at has already been 
computed, the terms that are independent of pressure can be combined as 

A,., - 0,02736 - , (H, 6) 

and the specific volume anomaly can be computed by means of three 
sboall tables. 


Thermal Properties of Sea Water 

Thebmal Expansion. The coefficient of thermal expansion, e, of 
sea water as defined by « =* 1/a (da/ 3^) increases with increasing temper- 
ature and pressure and is somewhat greater than the corresponffing 
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coefficient for pure water. Thus, for sea water of salinity 35.00 “/oo the 
coefficient at 0® and atmospheric pressure is 51 X 10~“, and at 20® it is 
257 X 10“®, whereas the corresponding values for pure water are 
— 67 X 10“® and 207 X 10~“. The minus sign shows contraction. For 
sea water of salinity 36.00 °/oo and temperature 0“ the coefficient* at 
atmospheric pressure is 51 X 10~®, and at a pressure of 4000 decibars it 
is 162 X 10-«. 

Thermal CoNDUCTmTY. The thermal conductivity is defined as 
the amount of heat in gram calories which, per square centimeter per 
second, is conducted through a surface if the temperature gradient at 
right angles to the surface is one degree centigrade per centimeter. For 
pure water at 15®C the coefficient equals 1.39 X 10~*. The coefficient is 
somewhat smaller for sea water and increases with increasing temperature 
and pressure. This coefficient is valid, however, only if the water is at 
rest or in laminar motion (p. 17), but in the oceans the water is nearly 
always in a state of turbulent motion in which the processes of heat 
transfer are completely altered. In these circumstances the above 
coefficient of heat conductivity must be replaced by an “eddy ” coefficient 
which is many times larger and which depends so much upon the state 
of motion that effects of temperature and pressure can be disregarded. 

Specific Heat. The specific heat is the number of calories required 
to increa.se the temperature of 1 g of a substance 1®C. When studying 
liquids, the specific heat at constant pressure, Cp, is the property usually 
measured, but in certain problems the specific heat-at constant volume, 
Cp, must be known. 

The specific heat of sea water is somewhat lower than that of pure 
water and decreases somewhat with increasing temperature. Thus, at 
atmospheric pressure, the specific heat of sea water of salinity 34.85 ®/oo 
equals 0.941 at a temperature of 0°C, and 0.932 at a temperature of 20®C. 
The specific heat increases somewhat with increasing pre.ssuro. At 4000 
decibars it equals 0.970 for water of salinity 34.85 ®/iio and temperature 
0®C. 

The specific heat at constant volume, c„ is somewhat less than Cp at 
atmospheric pres.sure. The ratio Cp/cv for water of salinity 34.85®/o(» 
increases from 1.0004 at a temperature of 0® to 1.0207 at 30®. The effect 
of pressure is appreciable, and for the same water at 0® the ratio is 1,0009 
at 1000 decibars and 1.0126 at 10,000 decibars. 

Latent Heat of Evaporation. The latent heat of evaporation of 
pure water is defined as the amount of heat in gram calories needed fpr 
evaporating 1 g of water, or as the amount of heat needed for producing 
1 g of water vapor of the same temperature as the water. Only in the 
latter form is the definition applicable to sea water. The latent heat of 
evaporation of sea water has not been examined, but it is generally 
assumed that the difference between that and pure water is insignificant j 
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therefore, between temperatures of 0“ and 30“C, the formula 

L6 « 696 - 0.62t> (II, 7) 

can be used. 

, Adiabatic Tempeeaturb Changes in the Sea. Because sea water 
is compressible, adiabatic temperature changes take place if a mass of 
water is brought from one pressure to another without loss or gain of 
heat. The temperature that a water sample would attain if raised 
adiabatically to the sea surface has been called the potential temperature 
(Helland-Hansen). Helland-Hansen has prepared convenient tables for 
computing the potential temperature, which depends upon three vari- 



Fig 2. Freesiag point and temperature 
of ma\imum density as functions of chlonnity 
and aalmity. 


ables: the temperature, the salinity, and the depth of the sample under 
consideration. 

As an example of adiabatic temperature changes, it may be mentioned 
that, if water of salinity 34.85 “/oo and temperature 2‘’C is raised adiabat- 
icaliy from a depth of 8000 m to the surface, the temperature drops 
0.925®C and the potential temperature of that water is therefore 1.075®C. 

In some ocean basins the temperature in situ increases toward the 
bottom, but only in a few isolated deeps is the potential temperature of 
the water constant. 

Freezing-Poinf Depression and Vapor-Pressure towering 

!Preedng-point depression and vapor-pressure lowering are unique 
properties of solutions. If the magnitude of one of them is known for a 
solution under a given set of conditions, the other may* be readily com- 
''uted. Only the depression of the freering point for sea water of difiereut 
’’cities has been determined experimentally, and empirical equations 
'+ing the vapor-pressure lowering have been based on these 
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observations. The freezing point of sea water as a function of salinity 
and chlorinity is shown in fig. 2. 

The. freezing point of sea water is the “initial” freezing point — 
namely, the temperature at which an infinitely small amount of ice is in 
equilibrium with the solution. If ice foms in a closed system, the 
concentration of the dissolved solids increases, and hence the formation 
of additional ice can take place only at lower temperatures. 

The vapor pressure of sea water of any salinity S On per mille) 
referred to distilled water at the same temperature can be computed 
from the following equation: 

= e<i(l - 0.00053 S), (II, 8) 

whore e«, is the vapor pressure of the sample and ea is the vapor pressure 
of distilled water at the same temperature The vapor pre.ssure of sea 
water within the normal range of concentration is about 98 per cent of 
that of pure water at the same temperature, and in most cases it is not 
necessary to consider the effect of differences in salinity, since variation 
in the temperature of the surface waters has a much greater effect upon 
the vapor pressure. 

Other Properties of Sea Water 

Maximum Dbnsitt. Pure water has its maximum density at a 
temperature of very nearly 4°, but for sea water the temperature of 
maximum density decreases with increasing salinity, and at salinities 
greater than 24.70 “/oo it is below the freezing point. At a salinity of 
24.70 ®/oo, the temperature of maximum density coincides with the 
freezing point: — 1.332“. Consequently, the density of sea water of 

salinity greater than 24.70 “/«o increases continuously when such water 
is cooled to its freezing point. The temperature of maximum density is 
shown in fig. 1 as a function of salinity and chlorinity. 

CoMPBBSBiBiuTY. Ekman has derived an empirical equation for the 
mean compressibility of sea water between pressures 0 and p bars, as 
defined by = a,.ff,o(l — kp). The numerical value decreases with 
incrcpsing temperature and increasing pressure and varies approximately 
between the limits 4.6 X i0~® and 4.0 X 10~®. 

The true compressibility of sea water is described by means of a 
coefficient that represents the proportional change in specific volume if 
the hydrostatic pressure is increased by one unit of pressure: K — (— 1/«) 
(5«/ap). It can bo computed if the mean compressibility is known. 

Viscosity. When the velocity of moving water varies in space, fne- 
ticnal stresses are present. The frictional stress, t, which is exerted on 
a surface of area 1 cm* is prpportional to the change of velocity per 
oemtimeter alopg a line normal to that surface (t = a dti/dn), the coeffi- 
cient of proporrionality (p) bring called the dyrumic viscosity. This 
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coefficient decreases rapidly with increasing temperature and increases 
slowly with increasing salinity. At a salinity of 35.00°/oo the viscosity 
at O^C is 18.9 X 10~’ g/cm/sec, and at 25“C it is 9.6 X 10"“ g/cm/sec. 
The effect of pressure is small. 

. This coefficient of viscosity is valid only if the water is in laminar 
motion, but, as stated above, since turbulent motion prevails in the sea, 
an “eddy” coefficient must be introduced which is many times larger 
(p. 19). 

Diffusion. In a solution in which the concentration of a dissolved 
substance varies in space, the amount of that sub.stance which per second 
diffuses through a surface of area 1 cm* i% proportional to the change 



Fig. 3. A. Refiactive index of sea water as a function of temperatuie and salinity 
B. Specific conductance, reciprocal ohms per cubic centimeter, of soa water as a funOr 
tion of temperature and ohlorinity. 


in concentration per centimeter along a line normal to that surface 
(dM/dt = — S dC/dn). In the e.g.s. system, M is measured in grams per 
square centimeter, and the concentration C in grams per cubic centimeter. 
The coefficient of proportionality (S) is called the coefficient of diffusion; 
for water it is equal to about 2 X 10“® cmVsec, depending upon the 
character of the solute, and is nearly independent of temperature. 
Within the range of concentrations encountered in the sea the coefficient 
is also nearly independent of the salinity. 

The statement concerning the coefficient of thermal conductivity in 
the sea applies also to the coeffi.cient of diffusion. Where turbulent 
motion prevails it is necessary to introduce an "eddy” coefficient that is 
many times larger and that is mainly dependent on the state of motion. 

SuaFACE Tension. The surface tension of sea water is slightly 
greater than that of pure water at the same temperature. 
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Surface tension (dynes/ cm^) = 75.64 — 0,144 + 0.0399 Cl “/oo 
The surface tension is decreased by impurities, and in the sea is mostly 
smaller than stated. 

Refractive Index. The refractive index, n, increases with increas- 
ing salinity and decreasing temperatures. It also varies with the wave 
length of light, and hence a standard must be selected, usually the D line 
of sodium. In fig. 3A the relation between refractive index, tempera- 
ture, and chlorinity is shown. 

Electric Conductivity, The electric conductivity of sea water 
depends ©n temperature and salinity (chlorinity). The specific conduct- 
ance of sea water is shown in fig. 3B as a function of these two variables. 

Eddy Viscosity, Conductivity, and Diffusivity 

General Character op Eddy Coeppicients. It has been repeat- 
edly stated that the coefficients of viscosity, heat conduction, and diffu- 
sion that have been dealt with so far are applicable only if the water is at 
rest or in laminar flow. By laminar flow is understood a state in which 
sheets (laminae) of liquids move in such an orderly manner that random 
fluctuations of velocity do not occur. However, the molecules of the 
liquid, including those of dissolved substances, move at random, and, 
owing to this random motion, an exchange of molecules takes place 
between adjacent layers. 

In nature laminar flow is rarely or never encountered, but, instead, 
turhulevi flow, or turbulence, prevails. By turbulent flow is understood a 
state in which random motion of smaller or larger masses of the fluid are 
superimposed upon some simple pattern of flow. The character of the 
turbulence depends upon a number of factors, such as the average 
velocity of the flow, the average velocity gradients, and the boundaries of 
the system. In the presence of turbulence the exchange between adj acent 
moving layers is not limited to the interchange of molecules, but masses of 
different dimensions also pass from one layer to another, carrying with 
them their characteristic properties. As a consequence the instantaneous 
distributions of velocity, temperature, salinity, and other variables in the 
sea are most complicated, and, so far, no means have been developed for 
studying these distributions. Measurements by sensitive meters have 
demonstrated that in a given locality the velocity of a current in the sea 
fluctuates from second to second, as does the wind velocity, but in most 
cases observations of ocean currents fpve information only as to mean 
velocities for time intervals that may vary in length from a few minutes to 
twenty-four hours or more. Similarly, special measurements have 
demonstrated that the details of the temperature distribution are very 
complicated, but in general observations are made at such great distances 
apart that only the major features of the distribution are obtained. 
Inasmuch as it is impossible to observe the insbintaneoue distributions in 
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space of velocity, temperature, and salinity, it follows that the con-e- 
sponding gradients cannot bo determined and that no basis exists for 
application to the processes in the sea of the coefficients of viscosity, 
thermal conductivity, and diffusion that have boon determined in the 
laboratory. Since only certain average gradients can be determined, the 
problem of the effect of turbulence has to be approached in a manner 
similar to that employed when dealing with the effect of atmospheric 
turbulence. In order to illustrate this approach, let us first consider the 
viscosity. 

In the case of laminar flow in the a:-dircction only, the dynamic 
viscosity, n, is defined by the equation t = ju dv/dn, where r is the shearing 
stress and dv/dn is the velocity gradient normal to the surface upon which 
the stress is exerted. In the case of turbulent flow, a dynamic eddy 
viscosity, He, can be defined in a similar manner: t — He da/dn, where r now 
is called the Reynolds stress and where dv/dn represents the gradient of 
the observed velocities. The numeiical value of the eddy viscosity 
depends upon the .size and intensity of the eddies— that is, on the magni- 
tude of the exchange of masses between adjacent layers. The numerical 
value of He also depends upon how the “average” velocities have been 
determined — that is, upon the distribution in space of the observations 
and upon the length of the time intervals to which the averages refer. 

The definition of the eddy viscosity in the above manner appears 
purely formalistic, but it is based on the concept that masses leaving one 
layer carry with them the momentum corresponding to the average 
velocity in that layer, and that by impact they attain the momentum 
corresponding to the average velocity of their new surroundings before 
again leaving them. Thus, Hr is an expression for the ti’ansfer of momen- 
tum of mean motion. This transfer w much increased by the turbulence, 
as is evident from the fact that the eddy viscosity is many times greater 
than the molecular viscosity. 

In both tho atmosphere and the sea it has been found practicable to 
between two types of turbulence — ^vertical and horizontal. 
In the case of vertical turbulence the effective exchange of masses is related 
to comparatively slight random motion in a vertical direction or, if tho 
term “eddy motion” is used, to small eddies in a vertical plane. Actu- 
ally, the eddies are oriented at random, but only their vertical components 
produce any effect on the mean motion. The corresponding eddy viscos- 
ity has been found to vary between 1 and tOOO c.g.s. units, thus being one 
thousand to one millinn times greater than the molecular viscosity of 
water. In the case of horizontal turbulence the effective exchange of 
T»iai:isp.a is due to the existence of large quasi-horizontal eddies. The 
corresponding eddy viscosity depends upon the dimensions of the system 
consideration and has been found to vary between 10* and 10* c.g.s. 

units. 
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The distinction between vertical an<I horizontal turbulence is particu- 
larly significant where the density of the water increases with depth, 
because such an increase influences the two types of turbulence in a 
different manner. Where the density of the sea water increases with 
depth (disregarding the effect of pressure), vertical random motion, is 
impeded by Archimedean forces, because a mass that is brought to a 
higher level will be surrounded by water of less deu.sity and will tend to 
sink back to the level from which it came, and, conversely, a water mna a 
moving downward will be surrounded by denser water and will tend to 
rise. In this case the stratification of the w.'itcr is called stable, because 
it cannot be altered unless work against gravity is performed. Stable 
stratification reduces the vertical turbulence, and, where the stability is 
very great, the vertical turbulence may become nearly suppressed and the 
eddy viscosity very small. The effect of stability on the horizontal 
turbulence, however, is probably negligible, because the horizontal 
random motion takes place mainly along surfaces of equal density. It 
has even been suggested that the horizontal turbulence increases with 
increasing stability. 

Similar reasoning is applicable to eddy conductivity. In the case of 
eddy viscosity, it was assumed that the exchange oi mass leads to a 
transfer of momentum from one layer to another, which is expressed 
by means of g«. Correspondingly, when dealing with eddy conductivity, 
one can assume that the transfer of heat through a unit surface in unit 
time, dQ/dt, is proportional to the exchange of mass through the surface, 
as expressed by p,, and to the gradient of the potential temperatures, 
—dO^/dn; that is, dQ/dt = —rn,dd/dn, where r is a factor that dependa 
upon the specific heat of the fluid and upon the manner in which the heat 
contents of the moving masses are given off to the surroundings. A mass 
which is transferred to a new level may break down at that level into 
smaller and smaller elements, so that equalization of temperature ulti- 
mately takes place by molecular heat conduction between the sniiallest 
elements and the surroundings. If .s\ich is the ca-se, both the difference in 
momentum and the difference in heat content are given off, and the 
proportionality factor, r, is equal to the specific heat of the liquuL Since the 
specific heat of water is nearly unity, the numerical values of eddy con- 
ductivity and eddy viscosity would be practically equal. However, 
where stable stratification prevails, the elements, being lighter or heavier 
than their surroundings, may return to their ori^nal level before comple- 
tion. of temperature equalization, whereas equalization of momentum may 
have been accomplished by collision. In tliis case, the factor of px'opor- 
tionality, r, will be smaller tlwn the specific heat of the liquid; that is, in 
the Sea, r will be smaller than unity and the eddy conductivity will be 
smallei* the eddy viscosity. Thus, it may be concluded that stable 
Stratification reduces the vertical eddy conductivity even more than it 
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reduces the vertical eddy viscosity. This conclusion has been confirmed 
by observation. 

The discussion has so far been limited to a consideration of the vertical 
eddy conductivity, but horizontal eddy conductivity due to horizontal 
turbulence has also to be introduced. The numerical value of horizontal 
eddy conductivity must be nearly equal to that of the horizontal eddy 
viscosity, because the horizontal turbulence is not affected by stable 
stratification. 

The transfer of salinity or other concentration is similar to the heat 
transfer. The eddy diffurivity is also proportional to the exchange of 
mass as expressed by ft,, the factor of proportionality being a pure num- 
ber. In sea water of uniform density, r = 1, but, in the case of stable 
stratification, when complete equalization of concentration does not take 
place, r < 1; that is, the vertical eddy diffusivity is smaller than ne and 
equals the eddy conductivity. This conclusion has also been confirmed 
by observation. 

Influence op Stability on Turbulence. The relation between 
eddy viscosity and eddy diffusion has been examined by Taylor, whose 
reasoning is based on the fact that in the presence of turbulence the 
kinetic energy of the system can be considered as composed of two parts: 
the kinetic energy of the mean motion and the kinetic energy of the super- 
imposed turbulent motion. In homogeneous water the latter is dissipated 
by viscosity only, and, if the turbulence remains constant, turbulent 
energy must enter a unit volume at the same rate at which it is dissipated. 
Where stable stratification is found, part of the turbulent energy is also 
used for increasing the gravitational potential energy of the system. In 
this case the rate at which turbulent energy enters a unit volume, T, must 
equal the sum of the rate at which the potential energy increases, P, and 
the rate at which energy is dissipated by viscosity, D, It follows that 
if the turbulence remains unaltered one must have T > P. 

Taylor shows that the rate at which turbulent energy enters a vmit 
volume equals ti.,{dv/dzY, where is the eddy viscosity, and that the rate 
at which the potential energy increases equals gPl where B is the 
stability (p. 100) and where n, = r/*, is the eddy diffusivity, It follows 
that 

(II, 9) 

is a condition which must be fulfilled if the turbulence shall not be 
destroyed by viscosity and die off. 

Taylor tested the correctness of this conclusion by measurements 
made by Jacobsen in Danish waters, where Jacobsen found values of 
Me between 1.9 and 3.8 g/om/seo. Thus, the eddy viscosity was about 
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one hundred to two hundred times greater than the dynamic viscosity of 
sea water, indicating that turbulence prevailed although the stability 
reached values as high as 1600 X 10“'m~‘ (table 1, p, 23). The eddy 
diffusivity ranged, however, between 0.05 and 0.06 g/em/sec, and the 
ratio fijne varied from 0.02 to 0.20, but was in all instances smaller than 
the ratio {dvIdzY/gE, as is required by the theory. 

According to Taylor’s theory, turbulence can always be present 
regardless of how great the stability is, but the type of turbulence must 
be such that the condition (II, 9) is fulfilled; that i.9, the rate at which the 
Reynolds stresses communicate energy to a region must be greater than 
the rate at which the potential energy of that region increabc.s. This 
explains why observations in the ocean mostly give sihaller values of go 
than of Hr. A velocity gradient of 0.1 m/sec on 100 m is common where 
the stability is about 10~*m~i, and with these values /*, <0.1 in- Within 
layers of very great stability the velocity gradient also is generally great, 
but the value of Ht becomes even smaller than in the above example. 
Thus, below the Equatorial Countercurrent in the Atlantic the decrease 
of velocity in a vertical direction is 6.10“®sec~i and the stability is about 
6.10"®m~‘. With thebC values, ft, < 7 X 10~* iX‘i or, if the eddy viscosity 
were equal to 1 g/cm/sec, the eddy diffusivity would be less than 0.07 ; 
that is, it would approach the value of molecular diffusion. 

No theory has been developed for the state of turbulence which at 
indifferent equilibrivuu or at stable stratification characterizes a given 
pattern of flow, except in the immediate vicinity of a solid boundary 
surface (p. 119), but it has been demonstrated that the turbulence as 
expressed by the eddy viscosity decreases with increasing stability. 
Thus, Fjeldstad found that he could obtain satisfactory agreement 
between observed and computed tidal currents in shallow water by 
assuming that the eddy viscosity was a function not only of the distance 
from the bottom but of the stability as well. He introduced the equation 
He = /(3)/(l + aE), where E is the stability and where the factor o was 
determined empirically. 

Thus the effect of stability on turbulence is twofold. In the first 
place the turbulence is reduced, leading tb smaller values of the eddy 
viscosity, and, in the second place, the type of the turbulence is altered 
in such a manner that the accompanying eddy diffusivity becomes smaller 
than the eddy viscosity. The latter change is explained by Jacobsen, 
who assumed that elemencs in turbulent motion rapidly give off their 
momentum to their surroundings, but that other properties are exchanged 
slowly, and that before equalization has taken place the elements are 
moved to new surroundings by gravitational forces (p. 19). A possible 
influence of stability on horizontal turbulence has not been examined, but 
it been suggested by Parr that this kind of turbulence increases with 
increasing stability. 
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Numerical Values op the Vertical and Horizontal Eddy Vis- 
cosity AND Eddy Conductivity. For the determination of the eddy 
viscosity, in the ocean it is necessary to know the frictional forces 
and the velocity gradients. The frictional forces cannot be determined 
directly and must be obtained as the difference between other acting 
forces, but the velocity gradients can be obtained from directly observed 
currents. For dealing with wind currents, theories based on certain 
assumptions as to the character of the eddy viscosity are helpful (p. 124), 
and for considering currents close to the bottom, results from fluid 
mechanics permit conclusions as to the eddy viscosity from current 
measurements alone (p. 119). The uncertainties of the correct applica- 
tion of theories, the difficulties in making current medsurements in the 
open ocean, and the even greater difficulties in determining the acting 
forces, all introduce great uncertainties in the numerical values of the 
eddy viscosity that have so far been determined. 

Table 1 contains results of such determinations. The specific methods 
used cannot be discussed here. All values are from regions of moderate 
or strong currents which have been measured with considerable accu- 
racy or they have been derived from the effect of wind currents on the 
surface layer. The values range from nearly zero up to 7600, but 
some consistency in the variations can be seen. At the very bottom, 
small values are always found, and at greater distances from the bottom 
great values are associated with strong currents and small stability, 
whereas small values are associated with weak currents and small stability 
or with strong currents and great stability. The latter conditions were 
found on the North Siberian Shelf, where the eddy viscosity approached 
a small value in a thin layer of very great stability within which the tidal 
currents reached their maximum values. 

The eddy diffusivity, n., can be derived from observed time and 
space variations of temperature, salinity, oxygen content, or other 
properties by computations which are based on equations for heat con- 
duction or ffiffusion. In some cases the currents need not be known, 
but in other'eases only the ratio ii,/v can be, determined, where v is the 
velocity of the current. If this velocity can be estimated, an approximate 
vnlue of ft, can be found. Temperature, salinity, and oxygen content 
can be measured much more easily and with greater accuracy than cur- 
rents, and data for studying the eddy diffusion are therefore more readily 
obtained. As a consequence, many more determinations of eddy diffu- 
sion have been made, and the results show greater consistency. 

Table 2 contains a summary of values derived from observations in 
different^ oceans and at different depths between the surface and the 
bottom, ' ^he values range from 0.02 up to 320, but by far the greater 
nuniber of values lie between 3 and 90. The range is therefore smaller 
the apparent range of the eddy viscosity. The highest value, 
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320 g om/sec, was found in a homogeneous surface layer within which one 
can expect the eddy diffusivity to equal the eddy viscosity. This value 
is probably the only one that is as groat as the corresponding eddy 
viscosity. Otherwise, the eddy diffusivity is smaller, in agreement with 
the fact that generally stable stratification is encountered. From the 
remarks in the table it is evident that the eddy diffusivity increases 
with increasing velocity of the currents and decreases with increasing 
stability, in agreement with the preceding considerations. 

The results of a few determinations of horizontal eddy coefficients, 
Hc,h and are given in table 3. The values of the coefficients have 
been derived by making bold assumptions and can be considered as 
indicating only the order of magnitude. This order of magnitude depends 
upon the size of the area from which observations are available, which 
probably explains why the value from the California Current is much 
smaller than the values from the Atlantic Ocean, where conditions 
within much larger regions have been considered. The latter values, 
which have been obtained partly from observations at or near the surface 
and partly from observations at great depth, agree remarkably well. 
No relation appears between the average velocity of the currents and 
the eddy coefficients or between the stability and the coefficients. Simi- 
larly, from the meager evidence available, the eddy viscosity and eddy 
diffusion appear to be equal, and therefore the processes of horizontal 
turbulence seem to be entirely different from those of vertical turbulence, 
but it should be borne in mind that the study of horizontal turbulence in 
the ocean is at its very beginning. 


Absorpflon of Radiation 

Absorption Cobppicibnts op DistiliiBD Water and op Pure Sea 
Water. In water the intensity of parallel beams of radiation of wave 
length X decreases in the direction of the beams, the decrease in a layer 
of infinitesimal thickness being proportional to the energy, 7^, and to the 
thickness of the layer: 

dh = dz. (II, 10) 


The coefficient of proportionality, kx, is called the absorption coefficient 
at the wave length X. Integrating equation (II, 10) between the limits 
a; « A and x ^ h + L, one obtains 

Kx » (log 4.^ _ log (II, 11) 


. where the factor 2.30 enters because base-10 logarithms are used instead 
of natural logarithms, and where L is the thickness of the layer within 
the €Bftergy of the radiation is reduced from X^h to The 

^latter equation also serves as a definition of the absorption coefficient. 
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The numerical value of the absorption coefficient depends upon the unit 
of length in which L is expressed. In physics the unit is 1 cm, but in 
oceanography it has become common practice to use 1 m as the unit of 
length. Therefore, the numorioal values of the coefficients that will be 
given here are one hundred times larger than the corresponding values 
given in textbooks of physics. 

Th' decrease of intensity of radiation passing through a layer of 
water depends not only upon the amount of radiation which is truly 
absorbed — that is, converted into another form of energy — but also 
upon the amount which is scattered laterally. In “pure" water the 
scattering takes place against the water molecules, and the effect of 
scattering is relati'd to the molecular structure of the watei However, 
when measuring the absorption in pure water, the effect of .scattering is 
not separated but is included in the absorption coefficient, which varies 
greatly with wave length. 

Extinction Coefficients in the Sea. In oceanography the greater 
interest is attached to the rate at which downward-traveling radiation 
decreases. The rate of decrease can bo defined by means of a coefficient 
similar to the absorption coefficient: 

/£\ == 2.30 (log h,, ~ log Zx.jk), (II, 12) 

where h « and h.t+i represent the radiation intensities of wave length \ 
on horizontal surfaces at the depths a and (« + 1) meters Different 
names have been proposed for this coefficient, such as “transmissive 
exponent” or “extinction coefficient.” The latter name has been widely 
used and will be employed here, although the process by which the 
intensity of radiation is reduced will be called absorption. The absorp- 
tion of radiation in the sea is complicated by the increased scattering due 
to suspended particles and by the presence of dissolved colored substances. 
The extinction coefficient of radiation of a given wave length therefoie^ 
varies within wade limits from one locality to another, and in a given 
locality it varies with depth and time. 

The first crude measurements of absorption in the visible part of the 
spectrum were made by lowering a white disk of standard size (diameter, 
30 cm), the Secchi disk, and observing the depth at which it disappeared 
from sight. Comparisons with recent exact measurements have shown 
that the extinction coefficient of visible rays can roughly be obtained 
from the formula k = 1.7/D, where D is the maximum depth of visibility 
in meters, as determined by the Secchi disk. 

The next step in the investigation of the absorption of radiation in 
sea water was made by subsurface exposure of photographic plates 
enclosed in watertight containers. Such experiments, which were con- 
ducted by Helland-Hansen on the Michael Sm Expedition by exposing 
panchromatic plates at different depths in the incinity of the 
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showed that photographic plates were blackened at a very great depth. 
A plate exposed for 40 minutes at a depth of 600 m showed strong black- 
ening, another exposed for 80 minutes at 1000 m was also blackened, 
but a third plate which was exposed for 120 minutes at 1700 m showed no 
effect whatever. These experiments were made at noon on Juno 6, 1910, 
with a clear sky. At 500 m it was foimd that the radiation had a distinct 
downward direction, because plates exposed at the top of a cube were 
much more strongly blackened than those exposed on the sides. 

In other experiments colored filters were usi which showed that 
the red portion of the spectrum was rapidly absorbed, whereas the green 
and blue rays penetrated to much greater depths Quantitative results 
as to the absorption at different wave lengths were obtained by using 
spectrophotometers, but the methods were laborious and not sensitive 
enough to be used to great depths. 

The introduction in recent years of photoelectric cells has made 
possible rapid and accurate determinations of extinction coefficients in 
various parts of the spectrum. A number of different instruments have 
been and still are in use, but a standardized technique has been proposed 
by a committee of the International Council for the Exploration of the 
Sea Because of the wide variation in absorption at different wave 
lengths, efforts have been directed toward measuring exactly the absorp- 
tion in narrow spectral bands. The determinations are accomplished 
by lowering stepwise a photoelectric or photronic cell enclosed in a water- 
tight container and provided with suitable color filters, and by observ- 
ing on deck the photoelectric cuirent by means of a sensitive galvanometer 
or a suitable bridge circuit. The measurements must be made at con- 
stant incident light either on clear, sunny days or on days when the sky 
is uniformly overcast, because the rapid variations in incident light that 
occur on days with scattered clouds will naturally lead to erroneous 
results as to the absorption. If one wishes to determine the percentage 
amount of radiation that reaches a certain depth, it is necessary to make 
simultaneous readings of the incident radiation on board ship. 

These methods give information as to the absorption in layers of 
definite thickness. Instruments for measurements of the transparency 
of sea water at given depths and of the scattering of light have been 
designed by H. Pettersson and have been used for determining relative 
values. It has been demonstrated, particularly, that at boimdary sur- 
faces sharp variations in transparency and scattering occur. Since the 
study of the absorption of radiation in the sea is in rapid progress, several 
of the following generalizations are presented with reservations. 

The main results as to the character of the extinction coefficient of 
radiation of different wave lengths in the sea can be well illustrated by 
means of data that Utterbaok, and Jorgensen and Utterbaqk have pub- 
lished. Utterback has attw.pted to detemoine the extinction coefficient 
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within as narrow spectral bands as possible and has assigned the observed 
coefficients to distinct wave lengths, but it should be undei stood that the 
wave length actually stands for a spectral band of definite width. Ho 
has made numerous observations in the shallow waters noai islands in the 
inner part of Juan do Fuca Strait and at four stations in the open oceanic 
wateis olf the coast of Washington, and these can be considered typical of 
coastal and of oceanic water, respectively. Table 4 contains the absoip- 
tion coefficients of pure water (according to Sawyer) at the wave lengths 
used by Uttcrback, the minimum, average, and maximum extinction 
coefficients observed in oceanic water, and the minimum, average, and 
maximum coefficients observed in coastal watei. The minimum and 
maximum coefficients have all been computed from the four lowest and the 
four highest values in each group. In the clearest oceanic water the 
extinction coefficients were only twice those of pure watei, and the avei- 
age values wexe four to five times the latter, whereas the maximum values 
were up to ten times as great. In the coastal waters the minimum values 
were up to sixteen times greater than the absorption coefficients of pure 
water, the average -values weie up to twenty-four times as gieat, and 
the maximum values W'eie up to thiity-four times as great The increase 
of the extinction coefficients, however, varied widely in the different 
parts of the spectrum and was lelatively much greater for shorter wave 
lengths than for longer ones. 

Table 4 

ABSORPTION COEFFICIENTS PER METER IN PURE WATER AND 
EXTINCTION COEFFICIENTS IN THE SEA 
(From Utterbaok’s data) 



The great difference between the mean and the maximum values of 
the extinction coefficients shows that the absorption of sea water varies 
within very wide limits. In the example presented in table 4 the per- 
cent^c variations are about the same in coastal and oceanic waters, and 
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the maximum values iii the oceanic water approach the minimum values 
in the coastal water. In any Riven locality the great variations that 
also occur in a vertical direction further complicate the actual conditions. 

Similar results have been obtained by other investigators from such 
widely different areas as the English Channel, the waters off the east 
coast of the United States, and those off southern California. In all 
instances it has been found that the absorption is less in oceanic than in 
coastal water, but varies within wide limits both locally and with depth. 
Where examination of absorption in different parts of the spectrum has 
been conducted, it has been found that the absorption is much less in the 
blue than in the red end of the spectrum, and that the blue light penetrates 
to the greatest depths in clear water, whereas the green or yellow light 
reaches farther down in turbid water. 

Influence of tub Altitude of the Sun upon the Extinction 
Coefficients. The extinction coefficient is a measure of the reduction of 
intensity in a vertical distance and therefore depends upon the obliquity 
of the rays. The obliquity of the incident rays is reduced, however, by 
refraction when they are entering the water from the air and by the effeet 
of scattering. When the sun’s rays pass the water surface, the angle of 
refraction increases from zero with the sun at zenith to 48.5 degrees with 
the sun at the horizon, and the most oblique rays penetrating into the 
water therefore form an angle of less than 48 degrees with the vertical. 
Owing to the scattering and the sifting out by absorption of the most 
oblique rays, the measured extinction coefficients will be independent 
within wide limits of the altitude of the sun. The reduction of the 
obliquity of the incident radiation lias been directly demonstrated by 
Johnson and Liljequist. Conditions at very low sun have not been 
examined, but it is probable that the extinction coefficients are then 
increased, and this may have bearing upon the diurnal variation of the 
incoming energy at greater depths. 

Cause of the Laugb Extinction Coefficients in the Sea. The 
fact that extinction coefficients in the sea arc large in comparison to those 
of absolutely pure water is as a rule ascribed to the presence of minute 
particles which cause scattering and reflection of the radiation and which 
themselves absorb radiation. According to Lord Rayleigh, if such 
particles are small in comparison to the wave length, X, of the radiation, 
the scattering will be proportional to X~^, and the effect therefore at wave 
length, say, .46 will be 2.80 times greater than at wave length .00 ft. This 
selective effect leads to a shift toward longer wave, lengths of the region 
of minimum absorption. 

Clarke and James found that the increased absorption in oceanic 
water was chiefly caused by su.spensoids which could be removed by 
means of a “fine*' Berkefeld filter and uhat these suspensoids were largely 
nonselective in their^effect, Utterback’s data indicated, on the other 
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hand, that the increased absorption in oceanic water is due at least in 
part to selective scattering, because at short wave lengths the increase of 
the extinction coefficients was greater than it was at longer wave lengths 
(table 4). Kalle is of the opinion that selective scattering is of dominant 
importance, but the question is not yet settled as to the mechanism 
which leads to increased absorption in oceanic water as compared to pure 
water. The fact that even in the clearest oceanic water the absorption 
is greater than in pure water indicates, however, that finely suspended 
matter is always present. One could state that the ocean wu ters always 
contain dust. 

The increase of the extinction coefficients in coastal waters appears 
to be due in part to another piocess. Clarke and James conclude from 
their examination that in coastal water both suspensoid and “filter- 
passing” materials are effective in increasing the absorption, and that 
each exerts a highly selective action, with greatest absorption at the 
shorter wave lengths. These great absorptions at the shorter wave 
lengths arc demonstrated by Utterback’s measurements (table 4), 
Clarke does not discuss the nature of the “filter-passing” material, but 
Kalle has shown that, in sea water, w'ater-soluble pigments of yellow 
color are present. These pigments appear to be related to the humic 
acids, but, since their chemical composition has not been thoroughly 
examined, Kalle calls them “yellow substances.” They seem to occur 
in greatest abundance in coastal areas, but Kalle has demonstrated their 
presence in the open ocean as well and believes that they represent a 
fairly stable metabolic product related to the phytoplankton of the sea. 
The selective absorption of these yellow substances may then be responsi- 
ble, in part, for the character of the absorption in coastal water and 
for the shift of the band of minimum absorption toward longer wave 
lengths. 

It has not been possible anywhere to demonstrate any direct influence 
of phytoplankton populations on the absorption, although it is probable 
that very dense populations cut down the transparency. At present 
it appears that the major increase of absorption of sea water over that of 
pure water is due to two factora; the presence of minuto suspended 
particles, and the presence of dissolved “yellow substances.” The latter 
factor is particularly important m coastal waters. 

The Color of Sea Water 

The color of sea water as it appears to an observer ashore or on board 
a vessel varies from a deep blue to an intense gi'een, and is in cortain 
circumstances brown or brown-red. The blue waters are typical of the 
open oceans, particularly in middle and lower latitudes, whereas the green 
water is more common in coastal areas, and the brown or “red” water is 
typical of coastal waters only. 
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The color of sea water has been examined by observing the color that 
the water appears to have when seen against the white, submerged surface 
of the Secchi disk (see p. 27). This color is recorded according to a 
specialty prepared color scale, the “ Forell scale. ” The method is a rough 
one, and the scale is not adapted to the extreme colors in coastal waters. 

Kalle has critically reviewed eaidier theoides as to the causes of the 
color of the sea water and arrives at conclusions that appear to be con- 
sistent with all available observations. The blue color is explained, in 
agreement with earlier theories, as a result of a scattering against the 
water molecules themselves, or against suspended, minute particles 
smaller than the shortest wave lengths. The blue color of the water is 
therefore comparable to the blue color of the sky. The transition from 
blue to green cannot be explained, however, as a result of scattering, and 
Kalle concludes that it is due to the presence of the water-soluble “yellow 
substances.” Ho points out that the combination of the yellow color 
and the “natural” blue of the water leads to a scale of green colors as 
observed at soa. Fluorescence may contribute to the coloring but 
appears to be of minor importance. 

Suspended larger particles can give color to the sea water if they are 
present in. large quantities. In this case the color is not determined by 
the optical properties of the water or by dissolved matter, but by the 
colors of the suspended inorganic or organic particles, and the water is 
appropriately called “discolored.” Discoloring can be observed when 
large quantities of finely suspended mineral particles are carried mto the 
sea after heavy rainfall or when very large populations, several million 
cells per liter, of certain species of diatoms or dinoflagellates are present 
very near the surface. Thus, the “red water” (often more brown than 
red) which is quite frequently observed in many areas and after which 
the Red Sea and the Vermilion Sea (the Gulf of California) have been 
named, is due to an abundance of certain dinoflagellates. Discoloring, 
however, is a phenomenon of the typical coastal waters, the green colons 
being frequent in waters near the coast or at sea in high latitudes and the 
blues characteristic of the open ocean in middle and lower latitudes. 

Sea Ice 

Fkeezino and Meeting op Ice. If sea water of uniform salinity 
higher than 26.0 "/oo is subjected to cooling at the surface, the density 
of the very surface layer inci’eases, giving rise to convection movements 
that continue until the surface water is cooled to the freezing point, when 
ico be^ns to form. At first elongated crystals of pure ice are produced. 
Since the salinity of the very surface water increases correspondingly, 
the convective movements are maintained. As the freezing continues, 
the ice crjratals grow into a matrix in which a certain amount of sea water 
becomdz mechanically trapped, and the more rapid the freezing the greater 
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is the amount of soa water enelo&od in the ice If the temperature of the 
ice thus foimed is lowered, part of the trapped sea water freezes, so 
that the cells containing the liquid hiine become sraallei and the salt con- 
centration in the enclosed brine beconias greater. Thus, sea ice consists 
of crystals of puxe ice separating numerous small cells containing brine, 
the concentration of which depends upon the tempeiature of the ice. 
If the ice is cooled to very low temperatuies, solid salts may ciystallize 
out. 

If the temperature of such sea ice rises, the ice surrounding the brine- 
filled cells melts and separated salt crystals dissolve. As the melting 
goes on, the brine cells grow in size, and, when the temperature approaches 
zero, the cells join, pennitting the trapped sea water to trickle down. 
Where the sea ice has been hummocked, all brine will flow down, leaving 
only the pure ice, which can be used as a source of potable water In the 
Arctic, part of the hummocks melt in summer, and the water that then 
collects in pools on the ice floes is fit for drinking and cooking purposes. 
Sea ice which has not been exposed to hummocking, on the other hand, 
will become soggy and will disintegi-ate. 

The salinity of the ice depends upon the rapidity of freezing and 
upon the temperatuio changes to which the ice has been .subjected. At 
very rapid freezing, brine and salt crystals may accumulate on ice sur- 
faces, maMng the surface “wet” at temperatures of —30® to — 40®C 
and greatly increasing the friction against sled runners and skis. 

Pbopbrtibs of Sea Ice. The properties of sea ice differ greatly 
from those of fresh-water ice, since they depend upon the amount of 
enclosed brine and upon the number of air bubbles left in the ice if all or 
part of the brine has trickled down. 

At zero degrees the density of pure ice is 0.9168, taut the density of 
sea ice may be both above and below that of pure ice, depending upon its 
content of brine and air bubbles. Values between 0.92 and 0.86 have 
been reported. The specific heat of pure ice is about half that of pure 
water. It depends upon the temperature of the ice, but varies within 
narrow limits. The specific heat of sea icc depends on the temperature 
and the salinity of the ice, because every lowering of the temperature 
will involve freezing of some of the enclosed brine, and every raising 
of the temperature will involve melting of ice surrounding the brine-filled 
cells. The amounts of heat involved in these processes of freezing and 
melting are so great that the specific heat is 6.7 at a temperatuie of —2®, 
1.9Q at —4®, 0,88 at —8®, and 0.60 at —16®. At very low temperatures, 
when most of the salts have cryataUised out, the specific heat approaches 
that of pure ice. 

The Utient heat of fusion of pure ice at atmospheric pressure is 79.67 
g oal/g. No specific value of the heat of fusion can be assigned to sea 
ice, because, owing to the presence of salts, melting takes place whenever 
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tho temperature rises, no matter how low it may be. However, the 
amount of heat needed for melting sea ice of a given temperature and 
salinity can be stated. Thus, 68 g cal are needed for melting sea ice of a 
temperature of — 2“ and a salinity of 6®/oo, and 65 g cal are needed for 
melting sea ice of a temperature of —1® and the same salinity. 

The latent heat of evaporation of sea ice probably equals that of pure 
ice and depends upon whether the ice volatiliises directly to vapor or 
melts first. In the former case the latent heat of evaporation is about 
600 g cal/g, and in the latter case it is about 700 g cal/g. The vapor 
pressure over sea ice cannot depart much from that over pure ice, which 
is given in meteorological tables. 

Pure ice contracts when cooled, but sea ice may expand, depending 
upon its temperature and salinity, because, when the temperature is 
lowered, more ice is formed, and because the transformation of brine into 
ice ifi accompanied by expansion. Thus, for sea ice of salinity 6“/<,o the 
coefficient of thermal expansion at —2® is equal to —69.67 X 10~*, at 
— 12° it equals 0.00, and at —22® it equals 0.93 X 10~^ The negative 
sign ind’^stes that the ice expands when the temperature is lowered. 

The coefficient of thermal conductivity of pure ice is about 5 X 10~*. 
For sea ice the thermal conductivity is in general decreased, owing to the 
presence of air bubbles in the ice. Values ranging between 1 6 X 10“* 
and 5 X 10~® have been recorded. 

The absorption of radiation in sea ice has not been examined, but from 
general experience it can be stated that sea ice has a high transparency for 
visible radiation. The temperature radiation of sea ice nearly equals that 
of a black body. 

The aJbedo of sea ice — ^that is, the fraction of incoming short-wave 
radiation which is reflected from the surface of the ice — ^varies with the 
character of the surface. For ordinary grayish sea ice the albedo is 
about 0.50, but for sea ice covered by rime it may be as high as 0.80. 



CHAPTER III 


Observations In Physical Oceanography 


Oceanographic Expeditions and Vessels 

The collecUon of oceanographic data is expensive because it has to be 
made from vessels whose operation and maintenance are costly. Early 
oceanographic work was therefore conducted on especially equipped 
expeditions, most famous among which is the British Challenger Expedi- 
tion of 1873-1876, the first world-wide deep-sea expedition. In the 
decades following the voyage of the Chalienger, numerous other expe- 
ditions have visited most regions of the oceans, but, in the discussion of 
the water masses and cuiTents of the oceans, use will primarily be made 
of data from the more recent ones (listed in table 5) because their data 
are more accurate. It has become customary to refer to most of the 
oceanographic expeditions and to their observations and results by the 
name of the vessel. Thus, the terms Challenger or Atlantis cruise.s are 
employed. Among recent expeditions only the John Murray Expedition 
to the Indian Ocean is generally referred to by its name and not by the 
name of the vessel, the Mabahis. 

In more recent years, deep-sea oceanographic work ha.s also been con- 
ducted by government organizations in different countries (hydrographic 
offices and bureaus of fisheries) and by institutions for oceanographic 
research. In the United States such work has been carried out by the 
Hydrographic Office of the U. S. Navy (U.S.S. BiishneU, Hannibal, 
LouisviUe, and others), the U. S. Coast Guard {Marion and others), the 
U. S. Coast and Geodetic Survey {Explorer, Oceanographer, and others), 
and by the Bingham Oceanographic Laboratories, T ale University, the 
Oceanographic Laboratories of the University of Washington {Catalyst), 
the Scripps Institution of Oceanography, University of California {E. W. 
Scripps), and the Woods Hole Oceanographic Institution {Atlantis). 

The present technique of making deep-sea observations and the 
precision instruments used were developed around 1900, when the Inter- 
national Council for the Exploration of the Sea was organized, with 
headquarters in Copenhagen, At that time intensive exploration of 
the waters adjacent to northwestern Eui’ope commenced because of the 
important fisheries there. Subsequently, a number of oceanographic 

85 
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^ta^ions have been established, some of which are directly engaged in 
oceanographic problems related to tislieries, whereas others are inde- 
pendent research institutions. Large vessels such as those used for 
world-wide expeditions would be far too expensive to operate con- 
tinuously from such stations, but Helland-Hansen, of the Gcophj'^sical 
Institute in Bergen, Norway, was convinced that small vessels could be 
used effectively, and in 1913 he had the 76-foot Armauer Hansen built 
to conform to his idea. From this small but sturdy craft, both intensive 
and extensive oceanographic work has been carried out in the North 
Atlantic, and the vessel has in every respect answered expectations. 
Following this lead, other establishments have purchased or built small 
vessels that can be economically operated. 

Every vessel which is fitted out for deep-sea oceanographic work 
must have adequate winches that aie provided with wire ropes for lowor- 


Tablb 6 

SOME OF THE MORE IMPORTANT OCEANOGRAPIIIO DEEP-SEA 
EXPEDITIONS SINCE 1910 


Vessel 



Operations 


Yeais 

Areas 

Armauer Hnneen 

Norway 

1913- 

North Atlantic 

Atlantii 

US. A. 

1931- 

North Atlantic 

Carnegte 

US.A. 

1928-1929 

Noith Atlantic, Pacific 

Dana 

Denmark 

1921-1922 

1928-1930 

North Atlantic 

All oceans 

Deutschland 

Germany 

1911-1912 

Atlantic, Antarctic 

Discovery 

Great Bntnm 

1925-1927 

Antarctic, Atlantic 

Antarctic, Indian, Atlantic 

Discovery H 

Great Britain 

1929-1939 

Mahahis (John Murray 




Expedition) . . 

Great Britain 

1933-1934 

Indian Ocean 

Meteor . . . 

Germany 

1926-1927 

1929-1939 

South Atlantic 

North Atlantic 

Michael Bars 

Norway 


North Atlantic 

Willebrord SneUim 

Netherlands 


Indian Ocean, East Indian Archi- 
pelago 

Antarctic, South Pacific 

William Scoresiy 

Great Britain 

1926-1931 

Japanese vessels: 

Japan 

1920- 

Western North Pacific 

Shintaku Maru, 
Siunpu Mam, Soyo 
Mara, and others 




IJ. S. Coast Guard ves- 
sels: 

U.8.A. 

1926- 

Western North Atlantic, Northern 
North Pacific 

Chelan, General 
Greene, Mat ton, Og- 
laMa and others 
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ing instrument.s to great depths, arid it must have laboratory spaoe for 
such examinations of water samples as need to be made shortly after 
collection. The arrangements on board ship vary widely, however, 
depending upon the dB>sign of the vessel. 

Because of the manner in which oceanographic data have to bo 
obtained, studies in "synoptic oceanography" are in general prohibitive 
as to cost, and simultaneous observations have not been made except in a 
few instances when vessels have cooperated within a very limited area. 
Fortunately, the oceans are much closer to a steady state than is the 
atmosphere, and therefore ob-servationa that have been made by the same 
ship within a reasonably shoit time can bo treated as if they were simul- 
taneous (p. 106). The now dassical example is the wotk of the Inter- 
national Ice Patrol, which is conducted by the U. S Coast (Juaid. 
During the spring months a vessel of the Ice Patrol makes cruises at 
intervals of about four weeks, each cruise lasting about two weeks and 
covering the region to the east and southeast of the Grand Banks of 
Newfoundland. At the end of each cruise tho currents are computed 
(p. 106), and on the basis of these computations the drift of icebergs is 
predicted. 


Temperature Observations 

Thiee types of temperature-measuring devices are used in oceano- 
graphic work: (1) accurate thermometers of standard type are employed 
for measuring the surface temperature when a sample of the surface 
water is taken with a bucket, (2) reversing thermometers are used for 
measuring temperatures at subsurface levels, and (3) thermographs are 
employed at shore stations and on board vessels for recording the temper- 
ature at some fixed level at or near the sea surface. The centigrade 
scale is the standard for tho scientific investigation of the sea. A high 
degree of accuracy is necessary in lempei’ature measurements because of 
the relatively large effects that temperature has upon the density and 
other phy.sical properties and because of the extremely small vanations 
in temperature found at great depths. Subsurface temperatures must 
be accurate to within less than 0.05“C, and under certain circumstances 
to within 0.01“C. Such accuracy can be obtained only with well-made 
thermometers which have been carefully calibrated and rechecked from 
time to time. Because of the greater variability of conditions in tho 
surface layers, tho standards of accuracy there need not be quite so high. 

Surface Thermometers. Conventional-type thermometem used 
for surface temperatures must have an open scale that is easy to read and 
that is provided with divisions for every 0.1®. The scale should prefer- 
ably be etched upon the glass of the capillary. The thermometer should 
be of small thermal capacity in order to attain equilibrium rapidly, it 
should be checked for cafibratloB errors at a number of points on the 
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scale by comparison with a thermometer of known accuracy, and it 
should be read with the scale immersed to the height of the mercury 



Fig. 4. Protected and unprotected reversing 
thermometers in set position — that is, before 
reversal. To the right is shown the con- 
stricted part of the capillary in set and reversed 
positions. 


column. Observations of sur- 
face temperatures made upon 
bucket samples should be ob- 
tained immediately after the 
sample is taken, because heat- 
ing or cooling of the water 
sample by radiation, conduc- 
tion, and evaporation may have 
a measurable effect upon the 
temperature. From a vessel, 
samples must be taken as far 
away as possible from any dis- 
charge outlets from the hull, 
and, if the vessel is under way, 
they should be taken near the 
bow so as to avoid the churaed- 
up water of the wake. 

Protected Reversing 
Thermometers. Reversing 
thermometers (fig. 4) arc usu- 
ally mounted upon the water 
sampling bottles (fig. 6), but 
they may be mounted in re- 
versing frames and used 
independently. Reversing 
thermometers were first intro- 
duced by N egr etti and Zambra 
(London) in 1874, and since 
that time have been improved 
so that at present well-made 
instruments are accurate to 
within 0.01'’C. On the Chal- 
lenger Expedition the sub- 
surface temperatures were 
measured by taeans of mini- 
mum thermometers. 

A reversing thennometei 
is essentially a double-endec 
thermometer. It is lowerec 


to the required depth in the set position (fig. 4), and in this positioi 


it consists of a large reservoir of mercury connected by means of j 


fine capillary to a smaller bulb at the upper end. Just above the largt 
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reservoir the capillary is constricted and branched, having a small 
closed arm, and above this the thermometer tube is bent in a loop, from 
which it continues straight and terminates in the smaller bulb. The 
thermometer is so constructed that in the set position the mercuiy fills 
the reservoir, the capillar\, and part of the bulb. The amount of 
mercury above the constriction depends upon the temperature, and, when 
the thermometer is reversed, by turning through 180 degrees, the mercury 
column breaks at the point of constriction and iun.s down, filling the 
bulb and part of the graduated capiUaiy, and thus indicating the temper- 
ature at reversal. The loop in the capillary, which Ls generally of 
enlarged diameter, is designed to tiap any mercury that is forced past the 
constriction if the temperature L-, raised after the thernioinetcr has been 
reversed. In order to correct the reading for the changes that result 
from differences between the temperature at reversal and the surrounding 
temperature at the time of reading, a small standard thermometer 
known as the auxiliary thermometer is mounted alongside the reversing 
thermometer. The reversing thermometer and the auxiliary thermome- 
ter are enclosed in a heavy glass tube that is evacuated except for the 
portion surrounding the reservoir of the reversing thermometer, which is 
filled with mercury to serve as a thermal conductor between the sur- 
roundings and the reservoir. Besides protecting the thermometer from 
damage the tube is an essential part of the device because it eliminates 
the effect of hydrostatic pressure. 

Readings obtained by reversing thermometers must be corrected for 
calibration errors and for the changes due to differences between the 
temperature at reversal and the temperature at which they are read. An 
equation developed by Schumacher is commonly used for this purpose; 

AT = + Fo) j ^ (r -f I)(r + 7o) 

Here AT is the correction to be added algebraically to the uncorrected 
reading of the reversing thermometer, T\ The temperature at which 
the instrument is read is t, 7o is the volume of the small bulb and of the 
capillary up to the 0°C graduation in terms of degree units, and JC is a 
constant depending upon the relative thermal expansion of mercury and 
the type of glass used in the thermometer. For most reversing ther- 
mometers, K equals 6100. The term I is the calibration correction, 
which varies with the value of T*, Where there are large numbers of 
observations to be corrected, it is convenient to prepare graphs or tables 
for each thermometer from which the value of AT can be obtained for 
any values of T' and t, and where the calibration correction is included. 

Reversing thermometers are generally used in pairs. The frames that 
hold them are brass tubes which have been cut away to make the scale 
visible and which are perforated around the reservoir. To hold the 
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thermometers firmly without subjcctiog them to strain, the ends of the 
tubes are fitted with coil springs packed with sponge rubber. 

Unprotected Reversing Thermometers. Reversing thermome- 
ters, identical in design but mounted in open glass tubes, are employed 
to’ determine the depths of sampling, because thermometers subjected 
to pressure give a fictitious “temperature” reading that is dependent 
upon the temperature and the pressure. The unprotected reversing 
thermometers are so designed that the apparent temperature increase 
due to the hydrostatic pressure is about 0.01° per meter. An unprotected 
thermometer is always paired with a protected thermometer, by means of 
which the water temperature in situ, T„, is determined. When Tv, has 
been obtained by correcting the readings of the protected thermometer, 
the correction to be added to the reading of the unprotected thermometer 
can be obtained from the equation 


ATv = 


{Tv, - L)(Ti + 7d,„) , , 
K 


Here T'„ and U are the readings of the unprotected reversing thermometer 
and its auxiliary thermometer, and is the calibration correction. The 
difference between the corrected reading of the vmprotected thermometer, 
Tu, and the corrected reading of the protected theimometer, T®, repre- 
sents the effect of the hydrostatic pressure at the depth of reversal. The 
depth of reversal is calculated from the expression 

D (meters) = — —> 

gp.» 

where q is the pressure constant for the individual thermometer. This 
constant is expressed in degrees increase in apparent temperature due to 
a pressure of 0.1 kg/cm*, pm is the mean density in situ of the overlying 
water. For work within any limited area it is usually adequate to 
establish a set of standard mean densities for use at different levels. 
Depths obtained by means of unprotected thermometers arc of the 
greatest value when the wire rope holding the thermometers is not vertical 
in the water. When serial observations are made (p. 43), unprotected 
thermometers are usually placed on the lowest sampling bottle and, if 
possible, one on an intermediate bottle and one on a bottle near the top of 
the cast. The accuracy of deptlui obtained by unprotected thermometers 
depends upon the accuracy of the pressure constant and upon the 
accuracy of the readings of the two thermometers. The probable error 
is about ±5 m for depths less than 1000 m, and at greater depths is 
about 0.5 per cent of the wire depth. 

Thermographs, Many devices have been suggested for obtainihg 
continuous observations at selected levels or as a function of depth. 
Thermographs are commonly used at shore stations and on vessels to 
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obtain a continuous record at or near the sea surface. On board ship 
the thermometer bulb, usually containing meremy, is mounted on the 
ship’s hull or in one of the intake pipes and connected to the recording 
mechanism by a fine capillary. The recording mechanism traces the 
temperature on a paper-covered, revolving drum, Records of tempeta- 
turcs obtained by a thermograph should be checked at frequent intervals 
against temperatures obtained in some other way. 

Various types of electrical resistance thermometers have been designed 
to bo lowered into the water and to give a continuous reading, but these 
devices have not proved satisfactory. Recently Spilhaus has developed 
an instrument called a bathythermogi-aph, which can be used to obtain a 
record of temperature as a functiop of depth in the upper 150 m, where 
the most pronounced vertical changes are usually found. Essentially, 
the instrument is similar to a Jaumotte barograph. The temperature- 
sensitive part activates a bourdon-type element which moves a pen 
resting against a small smoked-glass slide which, in turn, is moved by a 
pressure-responsive element. As the instrument is lowered into the 
water and again raised, the pen traces temperature against pressure 
(hence, depth). This device has the groat advantage that it can be 
operated at frequent intervals for obtaining a very detailed picture of the 
temperature distribution in the upper 150 m while the vessel is under way. 
Mosby has devised an instrument called a thermo^sounder for measuring 
temperature against depth which can be used for observations to great 
depths. The thermal element, mounted on an invar steel frame, is a 
75-cm length of specially treated brass wire attached to a pen which 
makes a trace upon a circular slide that is slowly turned by means of a 
propeller as the instrument is lowered through the water. 

Water-Sampling Devices 

Water-sampling devices are of two general types; in one the closing is 
accomplished by means of plug valves, and in the other the closing is 
accomplished by plates seated in lubber. The N arise n bottle is an example 
of the first type and is the one most widely used in oceanographic research. 
The Ekman bottle is of the second type. 

The Nansen bottle (fig. 5) is a reversing bottle fitted vrith two valves 
and holds about 1200 ml. The two plug valves, one on each end of the 
brass cylinder, are operated synchronously by means of a connecting rod 
that is fastened to the clamp securing the bottle to the wire rope. When 
the bottle is lowered, this clamp is at the lower end and the valves are 
in the open position so that the water can pass through the bottle. The 
bottle is held in this position by the release mechanism, which passes 
around the wire rope, but, when a messenger weight is sent down the rope 
and strikes the release, the bottle falls over and turns through 180 degrees, 
shutting the valves, which are then held closed by a locking device, and 
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reversing the attached thermometers. A number of bottles can be 
attached to the same wire rope. After reversing the first bottle, the 
messenger releases another messenger that was attached to the wire clamp 
befoie lowering. This second m6s.senger closes the next lower bottle, 
releasing a third messenger, and so on. 

The Ekman bottle, which can also be operated in series, consists of a 
cylindrical tube and top and bottom plates that are fitted with rubber 
gaskets. The moving paits are suspended in a frame that is attached to 
the wire rope, and, when the bottle is lowered, the water can pass freely 
through the cylinder. When struck by a messenger, the catch is released 
and the cylinder turns through 180 degrees, thereby pressing the end 
plates secuiely against the cylinder and enclosing the water sample 
Reversing thermometers are mounted on the cylinder. In recent years 
the Nansen bottle has been generally used because of its more reliable 
functioning. 

Messengers are essential for the operation of many t5rpe3 of oceano- 
graphic equipment. Although their size and shape will vary for different 
types of apparatus, they are essentially weights that are diilled out so that 
they will slide down the wiie rope In order to remove and attach them 
they are either hinged or slotted. 

Treatment and Analysis of Serial Observations 

Subsurface temperature and salinity observations obtained must be 
carefully examined for possible errois before they are arranged into 
convenient form for analyses, computations, or comparisons with other 
data. First of all, the depths of sampling have to be determined. This 
involves a considerable amount of practical experience, since depths 
obtained by unprotected thermometers may be in error because of 
improper functioning of the instruments, and also because unprotected 
thermometers are generally attached only to two or three water bottles 
of a string of bottles on a wire rope, the curvature of which is unknown. 

When the depths have been found, vertical distribution curves aie 
plotted by which temperature and salinity values that appear doubtful 
may be readily recognized. Temperatures may be in error because of 
faulty functioning of the thermometeis or because the thermometers have 
been reversed prematurely, and salinities may be in error because the 
water bottles have closed prematurely or have leaked when being hauled 
up. 

Besides plotting the vertical distribution curves, it is very helpful to 
plot the temperature-salinity curve (T-S curve) in which the correspond- 
ing values of temperature and salinity from a single station are entered in 

Fig. 5. The Nansen reversing water bottle. Left; Before reversing; first mes- 
senger approaches releasing mechanism. Cenfer* Bottle reversing; first messenger ! 
has reteas^ &e second. Bight; In reversed position. t 
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a graph, with temperature and salinity as the coordinates, and are joined 
by a curve in order of increasing depth (p. 87). In any given area the 
shape of the T-S curves has a fairly definite form, and hence errors in 
observations may sometimes be detected from such a graph. 

• The interpolated values of temperature and salinity at standard 
depths are read off before the density, specific volume anomaly, and other 
calculations based upon these data arc made (see chapter II). As a 
check on the correctness of the data, it is often advisable to plot the 
vertical distribution of density (ff») and the specific volume anomalies for 
each station as functions of depth. 

Current Measurements 

Units and TEBwa. In scientific literature the velocity of a current 
is given in centimeters per second (cm/sec) or occasionally in meters per 
second (m/sec), but in publications on navigation the velocity is stated 
in knots (nautical miles per houi) or in nautical miles per 24 hours. The 
direction is always given as the direction toward which the current flows, 
because a navigator is inteifested in knowing the direction in which his 
vessel is caiTied by the current. The direction is indicated by compass 
points (for example, NNW, SE), by degrees reckoned from north or south 
toward oast or west (for example, N 60° W, S 30° E), or in degrees from 
0° to 360°, counting current toward north as 0° (or 360°) and current 
toward south as 180°. 

Deift Methods, Information as to the general diiection of surface 
currents is obtained from the drift of floating objects such as logs, wreck- 
age from vessels, and fishermen’s implements. In most instances, con- 
clusions as to currents from the finding of accidental drifting bodies are 
incomplete because the locality and the time at which the drift started are 
not known, nor is it known how long the object might have been lying 
on the beach before discovery. Neither is it known to what extent such 
drifting bodies ha\e “sailed” through the water, being driven forward by 
winds. 

More than a century ago, in order to overcome such uncertainties, 
dHft bottles were introduced. These are weighted down with sand so that 
they will be nearly immersed, offering only a very small surface for the 
wind to act on, and they are carefully sealed. They contain cards giving 
the number of the bottle, which establishes the locality and time of 
release, and requesting the finder to fill in information as to place and 
time of finding. 

The interpretation of results of drift-bottle experiments presents diflS- 
culties. In general, a bottle does not follow a straight course from the 
place of release to the place of finding, and conclusions as to the probable 
drift must be guided by knowledge of the temperature and salinity 
distribution in the surface layers. Fairly accurate estimates of the 
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average speed of the drift can be made if the bottle is picked up from the 
water. 

Drift bottles have been used successfully for obtaining information as 
to surface currents over relatively large ocean areas, such as the equatorial 
part of the Atlantic Ocean and the seas around Japan. They have 
supplied numerous details in more enelo.sed seas like the English Channel 
and the North Sea, but have proved l&ss .succes.sful off an open coast. 

The drift method can also be used for olitaining information as to 
currents in a shorter time interval. By fai the greatest number of 
observations of surface currents have been derived from ships’ 
records, and these data are obtained by 
the drift method. On board .ship the 
position of a vessel, weather permitting, 
is determined by astronomic observations 
of the sun or stars. From this position, 
indicated by A in fig. 6, the eounje along 
which to continue is decided upon, but, 
when a new “fix” is obtained (B' in fig. 6), 
it is in general found that the vessel is not 
at the location B, where it should be ac- 
cording to the course that has been steered, 
taking the wind drift of the vessel into 
account, and the distance covered accord- 
ing to the log (the position by “dead A 

reckoning”). The displacement is con- yig. e. Determination of sur- 
sidered due to currents in the time interval face currents by difference be- 

between “fixes.” The method for com- tween positions by fixes and dead 
, reckoning, 

puting these currents is shown m fig. o. 

This method gives, in general, the average current in twenty-four hours 
or multiples of twenty-four hours. 

From an anchored vessel, say a lightship, the surface current can be 
determined either by a chip log or by drift buoys, below which, in general, 
is a “current cross” acting as a sea anchor. This tjTie of drift buoy was 
used on the Challenger. The latter methods give nearly instantaneous 
values of the surface currents at the place of observation. 

Near land the methods can he elaborated in such a manner that the 
drift of a body can be determined in. detail over long distances and long 
periods. A drifting buoy can be followed by a vessel whose positions 
can be accurately established by bearings on known landmarks, or the 
buoy can be provided with a mast, and the direction to the buoy can be 
observed and its distance from a fixed locality can be measured by a range 
finder. Both methods have been used successfully. The latter eiB?i also 
be employed in the open ocean by anchoring one buoy, setting 
buoy adrift, and determining the bearing of and the distance to the 
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drifting buoy from a ship that remains as close as possible to the anchored 
buoy. 

Flow Methods. From an anchored vessel or float the currents can 
be measured by stationary instruments past which the current flows, 
turning a propeller of some type or exerting a pressure which can be 
determined by different methods. The advantage of these methods is 
that observations need not be limited to the currents of the surface layers 
but can be extended to any depth. The obvious difSculty is to retain the 
instrument in a fixed locality so that the absolute flow of the water may be 
measured, and not merely the flow relative to a moving instrument. In 
shallow water a vessel can be anchored so that the motion of the vessel is 
small enough to be insignificant or of such nature that it can be elimi- 
nated. In deep water, current measurements were first made from 
anchored boats, but in recent yeara the technique of deep-sea anchoring 
has been advanced to such an extent that vessels like the Meteor, the 
Armaver Hansen, and the Atlantis have remained anchored in depths 
from 4000 to 5500 m for days and weeks. In other instances, relative 
currents have been measured from slowly drifting vessela. 

Maintaining a vessel at anchor for a long time is expensive, and devices 
have therefore been developed for anchoring automatic recording current 
meters that can be left for weeks at a time. Measurements of currents 
very close to the sea bottom cannot be made safely from an anchored 
vessel, no matter how securely it is kept in position, because an instru- 
ment suspended from the vessel cannot be retained at a constant distance 
from the bottom owing to the motion due to swells and tides. The diffi- 
culty was first overcome by Nansen, who lowered a tripod to the sea 
bottom and suspended a current meter from the top of the tripod. This 
method has more recently been used by Stetson, by Revelle and Fleming, 
and by Revelle and Shepard. The latter suspended three current meters 
from the top of the tripod and were thus able to obtain simultaneous 
measurements of currents at three levels within less than 2 m of the 
bottom. 

Numerous t3rpes of current meters have been designed, each having 
special advan|;ages and disadvantages. Owing to its simplicity and 
reliability, the Ehman current meter is widely used (fig. 7). The essential 
parts of the instrument are the propeller, the revolutions of which are 
recorded on a set of dials, the compass box with the device for recording 
the orientation of the meter, and the vane that orients the instrument so 
that the propeller faces the current. The free swing of the instrument 
is ensured by mounting it in ball bearings on a vertical axis. The wire for 
lowering is fastened to the upper end of this axis, and a suitable weight 
is attached below the axis. The instrument is balanced in water so that 
the axis is vertical. The carefully balanced propeller, with foui' to eight 
thin, light blades, runs inside a strong protective ring, but can easily be 
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removed for inspection or transportation. The axis of the propeller runs 
with tantalum points on agate bearings. Inside the protective ring is a 
lever that can be operated by messengers. With the lever in its lowest 
position the propeller is arrested, and in this state the instrument is 
lowered. When the desired depth is reached, a me-jsongor weight is 
dropped, which pushes the lever up to its middle position, releasing the 
propeller, the turns of which are recorded on a set of dials. After a 
number of minutes a second messenger weight is dropped, which pushes 
the lever up to tl e highest position, stopping the propeller. In later 
types the propeller is also shielded in front when the instiument is 



Pig. 7. 

The Ekman current meter. 
Messenger, dials, and compass 
box are seen. Propeller la hid- 
den by protective ling. 


lowered in order to prevent fouling of the propeller by such organisms as 
medusae. This front sliield is opened by the first messenger. 

Th. direction of the current is recorded by an ingenious device which 
is simple and reliable. A tube extends from above the dial box to a disk 
on the axis of the cogwheel, which turns once when the propeller makes 
one hundred revolutions. This tube is filled with phosphor-bronze balls 
about 2 mm in diameter. In the disk are three or more indentations 
corresponding to the size of the balls. When one of these indentations 
passes below the tube containing the balls, a ball drops into it and is 
carried around with the disk until it drops into a second tube which 
extends downward and ends above the center of the compass box. In the 
compass box, which can be easily removed from the bar to which it is 
fastened, a system of magnets swings freely on a pin that runs on agate. 
The frame to wbicli the magnets are fastened carries a bar that is shaped 
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like a wide, inverted V. The upper side of one arm of the bar is trough- 
shaped, so that a ball dropping through a hole in the center of the lid 
of the box runs down this trough and falls to the bottom of the box, which 
is divided into thirty-six compartments, each corresponding to an angle 
of 10 degrees and marked N, N 10° E, N 20° E, and so on. The compas.s 
box is rigidly connected to the vane of the meter, but the magnets of the 
compass adjust themselves in the magnetic meridian. The compartment 
into which the ball drops therefore indicates the direction of the vane — 
that is, the direction of the current at the moment the ball fell. In 
general, several balls fall during one observation, since one ball drops for 
each thirty-three revolutions or less of the propeller. The average 
direction of the current is obtained by computing the weighted mean 
according to the distribution of the balls. If the direction has varied 
widely during the period of observation, the average direction will be 
uncertain or even indeterminate, in which case the average velocity as 
computed from the revolution of the propeller has no meaning. 



CHAPTER IV 


The Heat Budget of the Oceans 


To the hoai budget of the earth a-, a whole, only i)i,oepsscs of tadintion 
arc of linpoitanee, but the heal budget ol the almosplieie is inoie eom- 
plieated, being eontrolled by processes of ladiation, condensation ol 
water vapor, and exchange of sensible heat with the ocean and land sur- 
faces. The heat budget of the oceans is primarily controlled by proce-sses 
of radiation, exchange of sensible heat with the atmosphere, and evapora- 
tion from the surface or condensation ot water vapor on the surface, but 
such processes as convection of heat thi-ough the ocean bottom fioin the 
interior of the earth, transformation of kinetic energy into heat, and 
heating due to chemical processes also have to be examined. 

The processes involved can be listed as follows: 

Processes of heating of the ocean 
water 

1. Absorption of radiation from the 

sun and the sky, Q, 

2. Convection of heat through the 

ocean bottom from the interior 
of the earth 

3. Transformation of kinetic energy 

to heat 

4. Heating due to chemical processes 

5. Convection of sensible heat from 

the atmosphere 

6. Condensation of water vapor. 

Over all oceams between 70° X and 70° S the average incoming radiation 
from the sun and the sky which penetrates the sea surface is about 0.22 
g cal/em*/min, and amounts that arc small in comparison to this can ho 
neglected. 

It has been estimated that the flow of heat through the bottom '• 
the sea amounts to between 50 and 80 g cal/om*/year— that is, 0.095 * 
X lO"’ to 0.162 X 10~* g cal/cmVroin- This amount represents less 
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Processes of cooling of the ocean 
water 

1. Back radiation from the sea 

surface, Qb 

2. Convection of sensible heat to 

the atmosphere, Q* 

3. Evaporation, Q, 



50 


THE HEAT BUDGET OF THE OCEANS 


than one thousandth part of the radiation received at the surface and 
can be neglected when dealing with the heat budget of the oceans. In 
a few basins where the deep water is nearly stagnant and where conduc- 
tion of heat from above or from the sides is negligible, the amount of 
heat conducted through the bottom may conceivably play a part in 
determining the distribution of temperature, but so far no such case is 
known with certainty. 

The kinetic energy transmitted to the sea by the stress of the wind 
on the surface and part of the tidal energy are dissipated by friction and 
transformed into heat. The energy transmitted by the wind can be 
estimated at about one ten-thousandth part of the radiation received at 
the surface and can be neglected. In shallow coastal waters with strong 
tidal currents the dissipation of tidal energy may be so great, however, 
that it may become of some local importance. Thus, in the Irish 
Channel, according to Taylor, the dissipation amounts to about 0.002 
g cal/cm®/min, or 1060 g cal/cmVyear. The average depth can be 
taken as about 50 m, or 5000 cm, and, if the same water remained in 
the Irish Channel a full year, the increase in temperature would be about 
0.2° C, on an averaige. Such an effect, however, has not been established, 
and, as it can be expected in shallow coastal waters only, it is of no 
significance to the general heat budget of the oceans. 

It is estimated that in ocean regions of abundant plant life, up to 
0.8 per cent of the incoming radiation may be utilized by the plants for 
photosynthesis, but over all ocean areas the average amount is probably 
less than one tenth of the maximum values and can be neglected as 
unimportant. 

The only processes to be considered, therefore, are the radiation 
processes and the exchange of heat and water vapor with the atmosphere, 
so that for the oceans as a whole the average annual heat budget can be 
written in the form 

Q. - Q» - - Q. = 0. (IV, 1) 

If specific regions and time intervals are considered, it must be taken 
into account that heat may be brought into or out of a region by ocean 
(Sftttewts or by processes of mixing, and that during short time inteiwals 
^ ,a certain amount of heat may be used for changing the temperature of 
the water. The complete equation for the heat balance of any part of 
the ocean in a given time interval is, therefore, 

Qt~- Qh Qk — Qt ~ Qv Q» 0, (IV, 2) 

« re Qv tepresents the net amount that is brought into or out of the 
On by currents or processes of mixing, and where represents Hie 
>\mt of heat used locally for chan^g the temperature of the sea 
water. 



THE HEAT BUDGET OF THE OCEANS 


51 


Radiation 

Incoming Radiation; Effect of Clouds; Reflection. Part of the 
short-wave radiation that reaches the sea surface comes directly from the 
sun and pait of it comes from the sky as reflected or scattered radiation. 
The amount of radiation energy that is absorbed per unit volume in the 
sea depends upon the amount of energy which reaches the sea surface, 
the reflection from the sea surface, and the extinction coefficients for 
total energy. The incoming radiation depends mainly upon the altitude 
of the sun, the absorption in the atmosphere, and the cloudiness. With 
a clear sky and a high sun, about 85 per cent of the radiation comes 
directly from the sun and about 16 per cent from the sky, but with a 
low sim the proportion from the sky is greater, reaching about 40 per cent 
of the total with the sun 10 degrees above the horizon. 

The incoming energy from the sun is cut down in passing through 
the atmosphere, partly owing to absorption by water vapor and carbon 
dioxide in the air, but mainly by scattering against the air molecules or 
very fine dust. The total effect of absorption and scattering in the 
atmosphere depends upon the thickness of the air mass through which 
the sun’s rays pass, as expressed by the equation 

I = (IV, 8) 

Here I represents the energy in g cal/cmVinin reaching a surface that is 
normal to the sun's rays; m represents the relative thickness of the air 
mass and is equal to 1 at a pressure of 760 mm when the sun stands in 
zenith, equal to 2 when the sun is 30“ above the horizon (sin 30“ = 
and so on; S is the solar constant and is equal to 1.94 g cal/cmVmin; B 
is the “turbidity factor” of the air; and Om = 0.128 — 0.054 log m. 

The sun’s radiation on a horizontal surface is obtained by multiplica- 
tion with sin h, where h is the sun’s altitude. To this amount must be 
added the diffuse sky radiation in order to obtain the total radiation on 
a horizontal surface. Instruments are in use for recording the total 
radiation and for recording separately the radiation from the sun and 
the sky. 

When the sun is obscui'ed by clouds, the radiation comes from the 
sky and the clouds, and on an average can be represented by the formula 
Q = Qo(l — 0.071C), where the cloudiness C is given on the scale 0 to 10, 
and where Qo represents the ^lotal incoming radiation with a clear sky. 
This formula is applicable, however, only to average conditions. If the 
sun shines through scattered elOuds, the radiation may be greater than 
with a clear slsy, owing to the reflection from the clouds, and on a com- 
pletely overcast, dark and rainy day the incoming radiation piay be cut 
down to less than 10 per cent of that on a clear day. Table 6 contains 
the average monthly amounts of incoming radiation, expressed in gram 
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calories per square centimeter per minute, which reach a horizontal 
surface in the indicated localities (computed from Kimball). The 
differences between the parts of the oceans in the same latitudes are 
mainly due to differences in cloudiness. 

Few direct measurements of radiation are available from the oceans, 
and when dealing with the incoming radiation it is necessary to consider 
average values that can be computed from empiiical formulas. Mo.sb.v 
has established such a formula by means of which monthly or annual 
mean values of the incoming radiation on a horizontal surface can be 
computed if the corresponding average altitude of the sun and the average 
cloudiness are known. 

<3 = — 0.071(') g cal/cm'Vmin. (TV, 4) 

Here fi is the average altitude of the sun. The factor k depends upon the 
transparency of the atmosphere and appears to vary somewhat with 
latitude, being 0.023 at the Equator, 0.024 in lat. 40°, and 0.027 in lat. 
70°. The values computed by means of this formula agree within a few 
per cent with fho.se derived by Kimball in an entirely different manner 
(table 6). 

Part of the incoming radiation is lost by reflection from the sea surface, 
the loss depending upon the altitude of the sun. When computing the 
loss, the direct radiation from the sun and the scattered radiation from 
the sky must be considered separately. With the sun 90°, 60°, 30°, and 
10° above the horizon, the reflected amounts of the direct solar radiation 
would be, according to Schmidt, 2.0 per cent, 2.1 per cent, 6.0 per cent, 
and 34.8 per cent, respectively. For diffuse radiation from the sky and 
from clouds, Schmidt computes a reflection of 17 per cent. Measure- 
ments made by Powell and Clarke give values on clear days in agreement 
with the above, but on overcast days, when all radiation reaching the sea 
surface was diffuse, the observed reflection was about 8 per cent. If the 
fractions of the total radiation from the sun and the sky on a clear day 
are called p and q, respectively, and if the corresponding percentages 
reflected are called m and n, the percentage' of the total incoming radiation 
which is reflected on a clear day is r = mp -f vq. On an overcast day, 
when all incoming radiation is diffused, r = 8 per cent. Tabic 7 shows 
approximate values of r at different altitudes of the sun on a clear day. 

Table 7 

PERCENTAGE OF TOTAL INCOMING R.A.DIATION FROM SUN AND SKY 
WHICH ON A CLEAR DAY IS REFLECTED FROM A HORIZONTAL 
WATER SURFACE AT DIFFERENT ALTITUDES OF THE SUN 

Altitude of the sun 6° 10° 20° 30° 40° 50“ 60° 70“ 80" SO" 

Percentage reflected 40 25 12 6 4 S 3 3 3 3 

The values in the table are applicable only if the sea surface is smooth. 
In the presence of waves the reflection loss at a low sun is somewhat 
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increased and will bo of particular importance in high latitudes. The 
amount of radiation which under stated conditions penetrates the sea 
surface is obtained by subtracting the reflection loss from the total 
incoming radiation. 

• Absorption op Radiation Enebgy in the Sea. The radiation that 
penetrates the surface Ls absorbed in the sea water. The amounts 
absorbed within given layers of water can be derived by measuring with a 
thermopile the energies that reach different depths or by computing these 



Fig. 8. Schematic representation of the energy spectrum of the radiation from 
the sun and the sky which penetrates the sea surface, and of the energy spectra in 
pure water at depths of 0 1. 1, 10, and 100 m Inset Percentages of total energy and 
of energy m the visible part of the spectrum reaching different depths. 

energies by means of known extinction coefficients. Direct measure- 
ments of energy have been made in Mediterranean waters by Vercelli, but 
extinction coefficients of radiation of different wave lengths have been 
determined in many areas (p. 30). For computation of the energy which 
reaches a given depth it is necessary to know the intensity of the radiation 
at different wave lengths — ^that is, the energy spectrum. The reduction 
in intensity has to be calculated for each wave length, and the total energy 
reaching a given depth has to be determined from the energy spectrum by 
means of integration. Tho definition of the extinction coefficient for total 
energy eorr^ponds to the definition of extinction, coefficients at given 
wave lengths (p. 27). 

The spectrum of the energy that penetrates the sea surface is repre- 
i sented approximfitely by the upper curve in fig, 8, which also shows the 
^ergjr spectra at different depths in pure water. The total energy at any 
' " i^vem lie proportion to the area enctosed between the base line and 
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the curves showing the energy spectrum. In the inserted diagram the 
total energy, expressed as percentage of the energy penctialing the sur- 
face, as well as the corresponding percentages of the energy in the VLsible 
part of the spectrum, are plotted against depth. The figure shows that 
pure water is transparent for visible radiation only. 

For sea water the percentage of the total energy reaching various 
depths has been computed for the clearest oceanic water, for average 
oceanic water, for average coastal water, and for turbid coastal water, 
using the extinction coefficients shown in table 4. The results are 
presented in table 8. In even the clearest offshore water 62.3 per cent 
of the incoming energy is aKsorbed m the fiist meter. The absoiption is 
often increased in the upper one meter because of the presence of foam 



9. Energy spectra at a depth of 10 m in different types of water. Curves 
marked 0, 1, 2, 3, and 4 represent energy spectra in pure water, clear oceanic, average 
oceanic, average coastal, and turbid coastal sea water, respectively. Inset; Energy 
spectra at a depth of 100 m in clear oceanic water and at 10 m in turbid coastal water. 

and air bubbles. This increased absorption, when dealing with the 
penetration of light, is referred to as “surface loss.” If this process is 
disregarded, the values clearly demonstrate that the greater amount of 
energy is absorbed very near the sea surface and that the amount which 
penetrates to any appreciable depth is considerable only when the water is 
exceptionally clear. At 10 m, 83.9 per cent has been absorbed in the 
clearest water and 99.65 per cent in the turbid coastal water. 

The absorption of energy is illustrated in fig. 9, which shows the 
energy spectra in different types of water at a depth of 10 m. At this 
depth the maximum energy in the clearest water is found in the blue-green 
portion of the spectrum, whereas in the turbid coastal water the maximum 
has been displaced toward the greenish-yeUow part. This displacement 
is further illustrated by the inserted curve in the upper right-hand comer 
of the figure, which shows the energy spectra at 100m in the clearest water 
and at 10 m in the most turbid water. 
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Kxtinction coefficients of total energy have been computed and aie 
entered in table 8. These extinction coefficients are veiy high in the 
upper one meter but decrease lapidly, at greater depth approaching the 
minimum extinction coefficients characteristic of the types of n ater dealt 
with. The smallest values given in the table can be considered valid at 
greater depths as well. 

In fig. 30 the curves marked 0, 1, 2, 3, and 4 represent the percentage 
amounts of eneigy that roach different levels between the surface and 
10 m, according to the data in table 8. The three cuives marked Capri, 



Fife 10. PcToenlagPS of total eneigy Teaching different depths in pure water, 
clear oceanic, avciagc oceanic, average coastal, and turbid coastal sea water (curves 0, 
1, 2, 3, and 4) computed from extinction coefficients and corresponding to directly 
observed values in four lakes and at three localities m the Mediterranean, 

Trieste, and Venice represent results of measurements in the Mediter- 
ranean according to Vercelli, and four other curves lepre&ent observed 
values in lakes according to Birge and Juday. The agi’eemont of the 
character of the curves indicates that one can arrive at reliable values as 
to the absorption of eneigy in the sea by means of calculations based on 
extinction coefficients 

An idea of the heating due to absorption of radiation can be obtained 
by computing the increase of temperature at different depths which 
results from a penetration of 1000 g cal/cm* through the surface. The 
results are shown in table 9, which serves to emphasize the fact that the 
greater part of the energy is absorbed near the surface, pai'ticularly in 
turbid ivater. If no other processes took place, the temperature between 
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the surface and 1 m would increase m the clearest water by 6.24®, and 
in the most turbid water, by 7.72®. Between 20 and 21 m the coirespond- 
ing values would be 0.04° and 0 0003°. 

The temperature changes lecorded in table 9 show no similarity to 
those actually occuiiing in the open oceans, where processes of Tniyin g 
entirely mask the direct effect of absoiption, but in some small, land- 
locked bodies of water the temperature changes at subsurface depths may 
be governed mainly by absorption of short-wave radiation. 

Effective Back Radiation from the Sea Surface, The sea 
surface emits long-wave heat i adiation, ladiating nearly like a black body, 
the energy of the outgoing radiation being proportional to the fourth 
power of the absolute temperature of the surface. At the same time the 
sea suiface receives long-wave radiation from the atmosphere, mainly 
from the water vapoi. A small pait of this incoming long-wave radiation 

TABin S 


TEMPERATURE INCREASE IN “C AT DIFFERENT INTERVALS AND IN 
DIFFERENT TYPES OP WATER, CORRESPONDING TO AN ABSORP- 
TION OF 1000 Q CAL/CM* 


Interval of depth 

Oceanic water | 

Coastal water 

Clearest 

Average 

Average 

Turbid 

0- I 

6 24 

6 48 

7 32 

7 72 

1- 2 

0 610 

0 720 

0 970 

0 060 

6- 6 

236 

282 

.164 

120 

10- 11 

104 

006 

030 

0140 

20- 21 

040 

030 

0016 


50- 51 . 

100-101 

0096 

0016 

0024 

OAl 

0g34 

Oris 


is reflected from the sea surface, but the greater portion is absorbed in a 
small fraction of a centimeter of water, because the absorption coefficients 
are enormous at long wave lengths. The effective hack radiahon from the 
sea surface is repiesented by the difference between the ‘'temperature 
radiation” of the surface and the long-wave radiation from the atmos- 
phere, and this effective radiation depends mainly upon the temperature 
of the sea surface and the water-vapor content of the atmosphere. 
According to Angstrom the latter can be put proportional to the local 
vapor^ressure, which can be computed from the relative humidity if the 
air temperature is known. Over the oceans the air temperature deviates 
so little from the sea-surface temperature that the vapor pressure can be 
-obtained with sufficient accuracy fiom the sea-surface temperature and 
the relative humidity of the air at a dmrt distance above the surface. 
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Angstrom has published a table that summaiizes the results of ob- 
servations of effective radiation agamst a clear sky from a black body 
of different temperatures and at different vapor pressures Fig. 11 has 
been prepaied by means of this table, taking into account the gtnfti; 
differences between the radiation of a black body and that of a water 
surface. The figure shows the effective radiation as a function of sca^- 
surface temperature and of relative humidities between 100 per cent and 
70 per cent, but the values that can be read off fiom the graph may be 
10 per cent in error, owing to the scanty information upon which the 
curves arc based It brings out the fact, however, that, owing to the 
increased radiation fiom the atmosphere at higher temperatures (higher 
vapor pleasure), the effective back radiation decicosc.s slowly with tncreaa- 



Fig 11 The effective hack radiation m gram calories 
per square centimeter per mmute from the sea surface to 
a clear sky, represented os a function of sea surface tern* 
peiature and relative humidity of the air at a height ot 
a few meters 

iTig temperature At a temperature of O^C and a relative humidity of 
80 per cent, the effective back radiation deci eases with increasing 
humidity, owing to the increasing back radiation from the atmosphere. 
Thus, at a surface temperature of 15° the effective radiation is about 
0.180 g cal/cmVmin at a lelative humidity of 70 per cent, and about 
0.163 g oal/cmVmin at a relative humidity of 100 per cent. 

The values of the effective back ladiation at higher temperatures as 
obtained by extrapolation of Angstrom’s data {fig. 11) arc greater than 
those computed from Brunt’s emphical formula 

Qi = Q'(l - 0.44 - 0.08 Ve), 

where 0' is the radiation of a black body having the temperature of the 
sea surface and e is the vapor pressure of the air in millibars. However, 
in this formula the numerical values of the coefficients are uncertain and 
are applicable only within a range of e between 4 and 18 millibars. 

The diurnal and annual variations of the sea-surface temperatures and 
of the relative humidity of the air over the oceans are small, and the 
effective back radiation at a clear sky is therefore nearly indeperfdent of 
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the time of the day and of the season of the year, in contrast to the 
incoming short-wave radiation from the sun and the sky, which is sub- 
jected to very large diurnal and seasonal variations. In the presence of 
clouds the effective back radiation is cut down, because the radiation from 
the atmosphere is increased. The empirical relation can be written 

Q = Qo(l - 0.083C), (IV, 5) 

where Qo is the back radiation at a clear sky and where C is the cloudiness 
on the scale 1 to 10. A diurnal or annual variation in the cloudiness will 
lead to a corresponding variation in the effective back radiation. On an 
average, the diurnal variation of cloudiness over the oceans is very 
small and can be neglected, but the annual variation is in some regions 
considerable. The above equation is applicable to average conditions 
only, because the reduction of the effective back radiation due to clouds 
depends upon the altitude and density of the clouds. Thus, if the sky is 
completely covered by cirrus, alto .stratus, or strato cumulus clouds, the 
effective radiation is about 0.75 Qo, 0.4 Qo, and 0.1 Qo, respectively. 

The Radiatiok Budget oe the Oceans. The annual incoming 
short-wave radiation from the sun and the sky is greater in all latitudes 
than the outgoing effective back radiation. According to Mosby the 
average annual surplus of incoming radiation between latitudes 0® and 
10° N is about 0,170 g cal/cm’/min, and between 60° and 70° N, about 
0.040 g cal/cra®/rain. The surplus of radiation must be given off to the 
atmosphere, and the exchange of heat and water vapor with the atmos- 
phere is therefore equally important with the processes of radiation in 
regulating the ocean temperature and salinity. 

The characteristics of the oceans in respect to radiation are very 
favorable to man. The water surface reflects only a small fraction of 
the incoming radiation and the greater part of the radiation energy is 
absorbed in the water, distributed by processes of mixing over a layer of 
considerable thickness, and given off to the atmosphere during periods 
when the air is colder than the sea surface. The oceans therefore exercise 
a thermostatic control on climate. Conditions are completely changed, 
however, if the temperature of the sea surface decreases to the freezing 
point, so that further loss of heat from the sea leads to formation of ice, 
because when passing this critical temperature the characteristics are 
altered in a very unfavorable direction. Sea ice, which soon attains a 
gray-white appearance owing to enclosed air bubbles, reflects 60 per cent 
or more of the incoming radiation, and if covered by rime or snow the 
reflection loss increases to 65 per cent, or even to 80 per cent if covei-ed by 
fresh, dry snow. The snow surface, on the other hand, radiates nearly 
like a black body, and consequently the heat budget related to processes 
of radiation, instead of rendering a surplus, as it does over the open 
ocean, iriio^ a deficit until the temperature of the ice surface has been 
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lowered so much that the decreased loss by effective back radiation 
balances the small fraction of the incoming radiation that is absorbed 
The immediate result of fieezing is therefore a general lowering of the sur- 
face temperature of the ice and a rapid increase of the thickness of the ice 
The air that comes in contact with the ice is cooled, and, as this cold ak 
spreads, more icc is formed. Thus, a small lowering of the temperature 
of the water in high latitudes followed by freezing may lead to a rapid 
diop of the air temperature and a rapid increase of the ice-covered area. 
On the other hand, a small increase of the temperature of air flowing in 
over an ice-covered sea may lead to melting of the ,iee at the outskirts 
and, once started, the molting may progress rapidly. In agreement with 
this reasoning, it has been found that the extent of ice-covered areas 
in the Barents Sea is a sensitive indicator of small changes in the atmos- 
pheric circulation and of small changes in the amount of warm water 
carried into the region by currents. It has also been computed that if 
the average air temperatures in middle and higher latitudes were raised a 
few degrees, the Polar Sea would soon become an ice-free ocean. 


Exchange of Heat between the Atmosphere and the Sea 


The amount of Jieat that in unit time is carried away from the sea 


surface through a unit area is equal to — CpM» 



, where Cp is the 


specific heat of the air, ne is the eddy conductivity, —d^ldz is the temper- 
ature gradient of the air (the lapse rate), which is positive when the 
temperature decreases with height, and y is the adiabatic lapse rate 
Very near the sea surface, 7 can be neglected as small compared to dd/da. 
The term Cpn, enters instead of the coefficient of heat conductivity of the 
air as determined in the laboratory, because the air is nearly always in 
turbulent motion and because in the air n, — n, (p. 19). The state of 
turbulence varies, however, with the distance from the sea surface, 
because at the surface it.sclf the eddy motion must be gimtly reduced. As 
a consequence, under steady conditions, when the same amount of heat 
passes upward through every cross section of a vertical column, the 
temperature changes rapidly with height near the sea surface and 
more slowly at a greater distance. The product —CpUjdd/dz remains 
constant and, since increases rapidly with height, —dd-ldz mu.st 
decrease. 

Detailed and accurate temperature measurements in the lowest 
meters of the air over the ocean have not yet been made, because the hull 
and masts of a vessel disturb the normal distribution of temperature to 
such an extent that values observed at different levels on board a vessel 
are not representative of the undisturbed conditions. The few measure- 
ments that have been attempted indicate, how'evor, that the general 
distribution os outlined above is encountered. 
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The sea smface must be warmer than the air at a small distance above 
the surface if heat shall be conducted from the sea to the air. When 
such conditions prevail, the air is heated from below, the stratification of 
the air becomes unstable, and the turbulence of the air becomes intense. 
If the sea surface is very much warmer than the air, as may be the case 
when cold continental air flows out over the sea in winter, the heating 
from below may be so intense that rapid convection currents develop, 
leading to such violent atmospheric disturbances as thunderstorms. The 
point which is emphasized is that an appreciable conduction of beat 
from the sea to the atmosphere takes place when the sea surface is 
wanner than the air. One might assume that, vice versa, an appreciable 
amount of heat would be conducted to the sea surface when warmer air 
flows over a cold sea, but this is not the case, because under such condi- 
tions the air is cooled from below, the stratification of the air becomes 
stable, and the turbulence, and consequently the eddy conductivity of 
the air, is greatly reduced. 

It has been found (p. 75) that on an average the sea surface is 
slightly warmer than the overlying air and therefore loses heat by conduc- 
tion. So far, no detailed studies have been made, but Angstrom has 
estimated that only about 10 per cent of the total heat surplus is given 
oflf to the atmospWe by conduction and that 90 per cent is used for 
evaporation. Other estimates indicate that these figures are approxi- 
mately correct (p. 64). Thus, evaporation is of much greater impor- 
tance to the heat balance of the oceans than is the transfer of sensible 
heat. 

Evaporation from the Sea 

The Process op Evaporation. The vapor tension at a flat surface 
of pure water depends on the temperature of the water. The salinity 
decreases the tension slightly, the empirical relation between vapor 
tension and salinity being (p. 16) 

ft. = eiO- - 0.0063 S), 

where e.. is the vapor tension over sea water, ej is the vapor tension over 
distilled water of the same temperature, and S is the salinity in parts per 
thousand. In the open ocean = 0.98ed, approximately. 

In discussing the process of evaporation, it is more rational to con- 
sider not the vapor pressure but the specific humidity, q — ^that is, the mass 
of water vapor per unit mass of moist air. The amount of water vapor, 
F, which per second is transported upward through a surface of cross 
section one si^uare centimeter is, then, —)i,dq/dz, where n, is the eddy 
difiiwivity, which in the air equals the eddy viscosity, and — dg/ds is 
the vertical gradient of the specific humidity, which is positive when the 
specific humidity decreases with height. If the vapor pressure, e, is 
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introduced, one obtains approximately 

0 621 de 


F = - 




p dz 


(IV, 6) 


where p is the atmospheric pressure. The heat needed for evaporation 
at the surface is 

^ j 0.621 de 


where Lg is the heat of vaporization at the temperature of the surface, 
The variation of the vapor pressure with increasing height above the 
sea surface is closely related to the character of the eddy diffusivity. 
From analogy with experimental lesults in fluid mechanics it has been 
concluded that, when the air is in a normal state of turbulence, the eddy 
diffusivity increases linearly with increasing distance from the sea surface, 
except within a, very thin layer close to the surface. The implication is 
that, when a steady stage has been reached, the specific humidity must 
be proportional to the logarithm of the distance from the surface, and 
observations have to some extent confirmed this conclusion. The reser- 
vation that was made when dealing with temperature observations near 
the sea surface must be made in this case as well, because measurements 
conducted from vessels are affected by a considerable disturbance of the 
normal field. It appears, however, that for the proper inteipretation of 
observations it is necessarv to assume that next to the sea surface a 
layer of air of a thickness of a few milliins+ejs exists within which the 
transport of water vapor takes place by ordinary processes of diffuaion^ 
Above this layer, the thickness of which varies with the wind, a transition 
layer must be assumed, and finally there is a layer within which the eddy 
diffusivity increases linearly with the distance from the sea surface and 
also increases with the wind velocity 

The ratio between the amounts of heat given off to the atmosphere as 
sensible heat and used for evaporation is 


B * 


Oh 

Q. 


dd 

Cp _p_ * 

Lt 0.621 ^ 

de 


= 0 64 


p de 
1000 de' 
de 


(IV, 8) 


The last expression is obtained by introducing Cp - 0.240 and L» = 586. 
Thus, the ratio B depends mainly upon the ratio between the temperature 
and humidity gradients in the air at a short distance from the sea surface. 
These gradients are difficult to measure but can be replaced approxi- 
mately by the difference in temperature and vapor pressure at the sea 
surface a^ the^orresponding values in the air at a height of a few meters: 

p dv "*^ dix 

1000 e® — e« 


B ^ 0.64 


(IV, 9) 
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This ratio was derived in a different manner by Bowen, and is often 
referred to as the “Bowen ratio.” 

Values of the ratio R can be computed from climatological charts of 
the oceans, but a comprehensive study has not been made. Calculations 
based on data contained in the Atlas of Climatic Charts of the Oceans, 
published by the United States Weather Bureau in 1938, show that the 
ratio varies from one part of the ocean to the other. As a nile, the raiio 
is small in low latitudes, where it remains nearly constant throughoul 
the year, but is greater in middle latitudes, where it reaches values up 
to 0.6 in winter and in some areas drop.s to —0 2 in summer A negative 
value indicates that heat is conducted from the atmosphere to the sea. 
On an aveiage, the value for all oceans appears to Ho at about 0 1, meaning 
that about 10 per cent of the heat surplus that the oceans receive by 
radiation processes is given off as sensible heat, whereas about 90 per cent 
is used for evaporation. 

There aie certain points regarding the character of the evapoiation 
that need to be emphasized. If the water is warmer than the air, the 
vapor pressure at the sea surface remains greater than that in the air. 
Under these circumstances, evaporation can always take place and will 
be greatly facilitated, because, owing to the unstable stratification of the 
very lowest layers, the turbulence of the air will bo fully developed. It 
must therefore be expected that the greatest evaporation occurs when cold 
ak flows over warm water. If the air is n^h_colder than the water, the 
air may become satu^ateJ LJgth*'^y8fef^apor, and fog or mist may form 
over the- watcTsurfaces. Such fog (steam fog) is common in the fall over 
ponds and small lakes during calm, clear nights. When a wind blows, 
the moisture will be carried upward, but streaks and columns of fog are 
often visible over lakes or rivers and are commonly described as “smoke.” 
The process can occasionally be observed near the coast, but it does not 
occur over the open ocean because the necessaiily very great-temperature 
differences are rapidly eliminated as the distance from the coast increases. 
When the sea surface is colder than the air, evaporation can take 
place only if the air is not saturated with water vapor. In this case, 
turbulence is reduced and the evaporation must stop when the vapor 
content of the lowest layer of the atmosphere has reached such a value 
that the vapor pressure equals that at the sea surface. If warm, moist air 
passes over a colder sea surface, the direction of transport of water vapor 
is reversed and condensation takes place on the sea surface in such a way 
that heat is brought to the surface and not carried away from it. Owing 
to the fact that this process occurs only when the air is warmer than the 
sea and that then turbulence is greatly reduced, one can expect that 
condensation of water vapor on the sea will not be of great importance 
to the heat budget, but it should be borne in mind that this process can, 
and frequently does, take place when conditions are favorable. In thesb 
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ciicumstanccs, contact with the sea and conduction lower the air tem- 
peratiu p to the dew point for a considerable distance above the sea .surface. 
Condensation then takes place in the air and fog is formed This fog 
(advection fog) ls the type that is commonly encountered over the .sea 
The relation betw'eon the frequency of fog or mist and the diffeicnces 
between sea-surface and air temperatures aie well illustrated by charts 
in the Atla& of Chmatic Charts of the Oceans. Ah an example, fig. 12 shows 
the fiequency of fog, the difference between the air tempoiature and the 
sea-surface temperature, and the prevailing wind direction over the Grand 
Banks of Newfoundland in March, Apiil, and May. It can be concluded 
that in spiing, when the watci is coldei than the air, no evaporation takes 
place in this region, but in the fall and winter, w'hen the water is warmer, 
evaporation must be gieat. 



Fig. 12. Left' The difference, air temperature 
minus sea surface temperature, and the prevailing wind 
diiections over the Grand Banks of Newloundland in 
Maich, April, and May. Btffht; Percentage frequency 
of fog m the same months. 


In middle and higher latitudes the sea surface in ivinter is mostly 
warmer than the air, and therefore one must expect the evaporation to 
be at its maximum in winter and not in summer. This conclusion 
appears contrary to common experience that evaporation from heated 
water is greater than that from cold water, but there is no contradiction 
here because greatest evaporation occurs when a water surface is warmer 
than the ah’ above it, and this is exactly what happens in winter. 

Observations and Computations op Evaporation. Present knowl- 
edge of the amount of evaporation from the different parts of the oceans 
is derived partly from observations and partly from computations based 
on consideration of the heat balance. 

Observations have been made by means of pans on board .ships, but 
such observations give too Wgh values of the evaporation from the sea 
surface, partly because the wind velocity is higher at the level of the 
pan than at the sea surface, and partly because the difference between 
the vapor pressure in the air and that of the evaporating surface is 
greater at the pan than at the sea surface. Analyising the decrease of 
the wind velocity and the increase of the vapor pressure between the 
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average level of pans used on shipboard and a level a few centimeters 
above the sea surface, Wiist arrived at the conclusion that the measured 
values had to be multiplied by 0.63 in order to represent the evaporation 
from the sea surface. 

• In computing the evaporation on the basis of the heat balance, one 
has to start out from equation (IV, 2) (p. 60). Introducing the 
ratio, R = Qh/Q„ putting 0* — Qs = and taking into account that 
the evaporation, E, is obtained in centimeters by dividing Q, by the 
latent heat of vaporization, L, one obtains 


rt _ Qr ■“ Q» — Qtf 

^ ■ T(i + «)■ ■ 


(IV, 10) 


In this form the equation representing the heat balance has found wide 
application for computation of evaporation. The result gives the 
evaporation in centimeters during the time intervals to which the values 
Q„ and so on, apply, provided these are expressed in gram calories. 

Several attempts have been made to establish empirical formulas by 
which the evaporation from the sea could be computed from meteor- 
ological data and knowledge of the sea-surface temperature. It has been 
assumed that the evaporation could be related to the difference in vapor 
pressure at the very sea surface and the vapor pressure in the air as 
observed on shipboard, c„ — Co, and to thq wnd Velocity, Wa- Various 
formulas of the type E = have been proposed, but no 

consistent res\il ti*naym because each formula has been 

■fe^eloped in order to represent some Specific set of very uncertain observa- 
tions. Another approach was suggested by Sverdrup, who, on the basis 
of results in fluid mechanics as to the turbulence of the air over a rough 
surface, established a formula for the evaporation, using, in part, con- 
stants that had been determined by laboratory experiments, and, in part, 
constants that were obtained from the character of the variation of vapor 
pressure with increasing height above the sea surface. Somewhat 
but more complicated formulas have been derived by Millar 
and by Montgomery. 

These investigations indicate that at wind velocities below 4 to 
5 m/sec (10 miles per hour) the evaporation is relatively small, partly 
because at low wind velocities and stable stratification of the air the 
sea surface has the character of a hydrodynamically smooth surface 
(p. 120), and partly because at higher wind velocities the evaporation is 
greatly increased on account of spray. Furthermore, it is found that at 
moderate and high wind velocities the evaporation can be written 

E = H&u, — ea)Wa, (IV, 11) 

where the factor k is nearly a constant, the numerical value of which may 
be determined when the character of the variation of vapor content with 
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height is better known. Introducing average annual values of the vapor 
pressure (in millibars) and average annual wind velocity (in meters per 
second), one obtains the evaporation in centimeters per year by putting 
fc = 3.6, but this numerical value depends upon the heights at which the 
vapor pressure in the air and the wind velocity are measured, and should 
therefore be used with caution. 

Average Annual Evaporation prom the Oceans. On the basis 
of pan measurements conducted in different parts of the ocean, Wiist 
found that the average evaporation from all oceans amounts to 93 cm 
per year, and he considers this value correct to within 10 or 16 per cent. 
W. Schmidt computed the evaporation for JS by means of equation 
(TV, 10), in which the terms Q* and Qa can bo omitted when considering 
the oceans as a whole. Schmidt introduced a high value of R, and on 
the basis of the available data as to incoming radiation and back radiation 
he found a total evaporation of 76 cm a year. A revision based on more 
recent measurements of radiation (Mosby) and use of .B = 0.1 resulted 
in a value of 106 cm a year. The latter value represents an upper limit 
and may be 10 to 15 per cent too high, wherefore it appears that Wilst's 
result is nearly correct. 

It is of interest in this connection to give some figures regarding the 
relation between evaporation and precipitation over the oceans, the land 
areas, and the whole earth. According to Wiist the total evaporation 
from the oceans amounts to 334,000 lon’/year, of which 297,000 km* 
returns to the sea in the form of precipitation, and the difference, 37,000 
km’, must be supplied by run-off. The total amount of precipitation 
falling on the land is 99,000 km’, of which amount a little over one third, 
37,000 km’, is supplied by evaporation from the oceans and 62,000 km’ 
is supplied by evaporation from inland water areas or directly from the 
moist soil. For the sake of comparison it may be mentioned that the 
nid,ximum capacity of Lake Mead above Boulder Dam is 45 km*. 

Evaporvtion in Different Latitudes. From pan observations 
at sea, Wiist has derived average values of the evaporation from the 
different oceans in different latitudes (table 10, p. 72). By means of the 
energy equation, one can compute similar annual values, assuming that 
the net transport of heat by ocean currents can be neglected. Such a 
computation has been earned out for the Atlantic Ocean, making u.se of 
Kimball’s data as to the incoming radiation of the observed temperatures 
and humidities for determining effective back radiation. In fig. 13 
are shown Wilst's values for the annual evaporation between latitudes 
60® N and 50° S in the Atlantic Ocean and the corresponding values as 
derived from the energy equation. The low evaporation in the equatorial 
regions which both methods show can be ascribed to the hi^er relative 
humidities and the lower wind velocities of that area, if one considers 
the processes of evaporation, or it can be ascribed to the effect of the 
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prevailing cloudiness, if one considers the energy relalions. The great 
evaporations in the areas of the strong trade winds appear clearly, but in 
tho Southern Hemisphere the observations give the highest values of the 
evaporation nearer to the Equator than do the computations. The 
discrepancy may be due to the fact that in the course of a year the wind 
systems change their distances from the Equator and that the observa- 
tions have not been distributed evenly over the year. The energy 
equation has also been used by McEwen for computing values of evapora- 
tion over the eastern Pacific Ocean between latitudes 20“ N and 50“ N. 
His figures agree with those obtained by Wiist for the same latitudes. 

It appears that the average annual values of the evaporation in 
different latitudes arc well established, but the evaporation also varies 
from the eastern to the western parts of the oceans and with the seasons. 



Fig. 13. Annual evaporation from the Atlantic 
Ocean between lat. 50°N and 60°S. The thin curve is 
based on obeervations (WUst) and the heavy curve on 
computations, using the energy equation. 

These variations, which are closely related to the ocean currents, are of 
great importance to the circulation of the atmosphere, because the 
supply of water vapor which later on condenses and gives off its latent 
heat represents a large portion of the supply of energy. Approximate 
values of the evaporation from different parts of the oceans and in differ- 
ent seasons can be found by means of the method proposed by Sverdrup, 
and will be dealt with after the ocean currents have been discussed. 

Annual Variation ov Evaporation. The character of the annual 
variation of evaporation can be examined by means of the energy equation 

ffa = ff,(l + B) »= 9, - 3. - qi- (IV, 12) 

The quantity qt can be computed if the annual variation of temperature 
due to processes of heating and cooling is known at al} depths where such 
annual variations occur. The annual variation of temperature at the 
surface has been examined, but only few data are available from sub- 
surface depths, the most reliable being those that have been compiled by , 
Helland-Hansen frpm. an area in the eastern North Atlantic with its 
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center in 47® N and 12° W. The radiation income in that area can be 
obtained from Kimball’s data, and the back radiation can be found by 
means of the diagram in fig. 1 1 ; in this region the transport by currents, 
g,, can be neglected. In fig. 14A are represented the annual vaiiation 
of the net surplus of radiation, q^, the annual variation of the amount of 
heat used for changing the temperature of the wafer, qa, and the difference 
between these two amounts, which repre.sents the total amount of 
heat given off to the atmosphere. The greater pait of the last amount is 
used for evaporation, and therefore the curve maiked (/a, represents 
approximately the annual variation of the evaporation, which shows a 
maximum in the fall and early winter, a secondary minimum in February, 
followed by a secondary maximum in March, and a low minimum in 
summer. In June and July no evaporation takes place. 
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Fig. 14. Left; Annual vanation m the total amount of heat, qa, given off to the 
atmosphere in an area of the North Atlantic (about 47‘’N, 12"^). Right' Coire- 
sponding diurnal variation near the Equator in the Atlantic Ocean. For explanation 
of symbols, see text. 

This example illustrates the method of approach which may be 
applied, but so far the necessary data for a more complete study are 
lacking. The result that the evaporation is at a minimum in summer 
and at a maximum in fall and early winter is in agreement with the con* 
elusions that were drawn when discussing the procass of evaporation in 
general. 

Diubnal Vauiation of Evaporation. The diurnal v.ariation of 
evaporation can be examined in a similar manner, but at the present time 
suitable data are available only at four Meteor stations near the Equator 
in the Atlantic Ocean. In fig. 14B the curves marked g, and qe corre- 
spond to the similar curves in fig. 14A, and the difference between these, 
go, shows the amount of heat lost during 24 hours, which is approxi- 
mately proportional to the evaporation. The diurnal variation of 
evaporation in the Tropics appears to have considerable similarity to 
the annual vaiiation in middle latitudes, and is characterized by a 
double period with maxima in the late forenoon and the early part of the 
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night and minima at sunrise and in the early afternoon hours. It is 
possible that the afternoon minimum appears exaggerated, owing to 
uncertainties as to the absolute values of g, and qa. The total diuinal 
evaporation was 0.5 cm, but the sky was nearly clear on the four days 
that were examined, and the average diurnal value is therefore smaller. 
The double diurnal period of evaporation appears to be characteristic 
of the Tropics, but in middle latitudes a single period with maximum 
values during the night probably dominates. 

It may be added here that the annual variation of evaporation from 
small inland lakes is quite different from that from the oceans, in general 
reaching maximum values in summer. There are many reasons for this 
difference. In the first place, the annual range of the lake-surface 
temperature is great, the temperature varying between, say, 25° and 0°. 
In the second place, the air blowing over a lake is often dry, and its 
humidity content will not increase materially when passing over a lake 
of small or moderate size. As a consequence, the difference — eo will 
be great in summer and small in winter, although in summer the air may 
be warmer than the lake surface and in winter it may bo colder. As 
examples, assume (1) that in summer the lake surface temperature is 
20°, the air temperature is 26°, and the relative humidity is 40 per cent, 
and (2) that in winter the lake surface temperature is 5°, the ah tempera- 
ture is 0°, and the relative humidity is again 40 per cent. In the former 
case — Co equals 10.7 millibars, whereas in the latter case e« — Co 
equals 7.6 millibars, and at the same wind velocity evaporation is greater 
in summer If the lake freezes, evaporation is greatly reduced. 



CHAPTER V 


General Distribution of Salinity, Temperature, and Density 


Salinity of the Surface Layer 

Subpace Salinity. In all oceans the .surface salinity vaiies with 
latitude in a similai' maimer. It is at a minimum near the Equator, 
reaches a maximum in about latitudes 20'’N and 20°S, and n gflin decreases 
toward high latitudes. 

Table 10 contains average values of the surface salinity, the evapora- 
tion, and the precipitation, as well as the difference between the last 



Fig IS Left Average values of surface salinity for all oceans, and the difference, 
evaporation minus precipitation, plotted against latitude. Bight Corresponding 
values of surface balinity, and the difference, evaporation minus precipitation, plotted 
against each other (accordmg to Wust) 

quantities, for the three major oceans and for all combined, according to 
Wust. On the basis of these values, Wiist has shown that for each ocean 
the deviation of the surface salinity from a standard value is directly 
proportional to the difference between evaporation, E, and precipitation, 
P. In fig, 15 are plotted the surface salinities for all oceans and the 
difference E — P (ia centimeters per year), as functions of latitude, and 
the corresponding values of salinity and the difference, E — P, are 
plotted against each other. Omittmg the values at S^N because they 
disagree with all others, the values fall nearly on a straight line leading to 
the empirical relationship 

S « 34.60 + Q.0miB - P). (V, 1) 
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Wust points out that such an empirical lelationship is found bccau^-o 
the surface salinity is mainly deteinuned by thiee processes deciease of 
salinity by piecipitation, inciease of salinity by evapoiation, and change 
of salinity by pioc esses of mixing If the suiface wateis aic mixed with 
water of a constant salinity, and if this constant salinity is denoted by 
So, the change of salinity due to mixmg must bc' pioportional to So — S, 
whcie S IS the suiface salinity The change of salinity due to piocc'-fies 
of evapoiation and piecipitation must be piopoitional to the diftercnce, 
E — P The local change of the suiface salinity musf be zero, that is, 

^ = a(S - So) -I- HE - P) = 0, 
or 

S = Ho + h(E - P) (V, 2) 

As this simple formula has been established empirically, it must be 
concluded that the surface water is geiieially mixed with water of a 
salinity that is, on an average, 3i 6“/oo This value lepiesents approxi- 
mately the average value of the salinity at a depth of 400 to 600 in, and 
it appeals theicfoie that -veitual mixing is of gieat impoitauce to the 
goneial distnbution of suiface salmily This concept is conhimed by 
the fact that the standaid \alue of the salinity chfieis lor the diffeient 
oceans For the North Atlantic and the Noith Pacific, ^ust obtains 
similar relationships, but the constant term, So, has the value 35 30°/oo 
in the Noith Atlantic Ocean and 33 70Voo m the Noith Pacific Ocean 
The corresponding aveiage values of the salinity at a depth of 600 m aie 
36 67 oo and 34 0 /o^, respectively Foi the South Atlantic and the 
South Pacific Oceans, Wust finds that So = 34 507oo and 34 647oo, 
respectively, and that the aveiage salinity at 600 m in both oceans is 
about 34 5°/oo In these consideiations the effect of ocean currents on 
the distribution of suiface salinity has been neglected, and the simple 
relations obtained indicate that tiansport by orean currents is of minor 
unpoitance as far as aveiage conditions aio concerned. The difference 
between evapoiation and piecipitation, B — P, is, on the othei hand, of 
primary impoitance, and, because this diffeience la closely lelated to the 
chculation of the atmosphere, one is led to the conclusion that the average 
values of the surface salinify aie, to a gieat extent, controlled by the 
chaiactor of the atmospheric circulation. 

The distiibulion of surface salinity of the different oceans is shown in 
chart 3, in which the geneial features that have been discussed aie 
recognized, but the details aie so closely related to the manner in which 
the water masses are formed and to the types of currents that they eannof 
be dealt with here 

Pbbiomc VARimoNS OF THE StTBFACB SALINITY Over a large area, 
variations in surface salinity depend mainly upon variations in the 
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difference between evaporation and precipitation. Fiom Bohnccke’s 
monthly charts of the surface salinity of the North Atlantic Ocean, mean 
monthly values have been computed for an area extending between 
latitudes 18® and 42® N, omitting the coastal areas in order to avoid 
complications due to shifts of coastal currents. The results of this 
computation show the highest average surface salinity, 36.70®/oo,’ in 
March and the lowest, 36 59°/oo, in November. The variations from 
one month to another are irregular, but on the whole the .s alini ty is 
somewhat higher in spring than it is in the fall. 

Harmonic analysis leads to the result 

S = 36.641 + 0.021 cos ^ - 80“^, (V, 3) 

and thus, 

^ = 0.021 ^ cos (2x i - 360“). (V, 4) 

According to (V, 2), dS/dt is proportional to E — P, and it follows 
therefore that the excess of evaporation over precipitation is at a mini- 
mum at the end of June and at a maximum at the end of December. 
This annual variation corresponds closely to the annual variation of 
evaporation (p. 68), for which reason it appears that in the area under 
consideration the annual variation of the surface salinity is mainly 
controlled by the variation in evaporation during the year. For a m6re 
exact examination, subsurface data are needed, but nothing is known as 
to the annual variation of salinity at subsurface depths. 

From the open ocean, no data are available as to the diurnal variation 
of the salinity of the surface waters, but it may be safely assumed that 
such a variation is small, because neither the precipitation nor the evapo- 
ration can be expected to show any considerable diurnal variation. 

Temperature of the Surface Layers 

StJBFACHi Temperature. The general distribution of surface temper- 
ature cannot be treated in the some manner that Wust employed for the 
salinity, because the factor's controlling the surface temperature are far 
more complicated. The discussion must be confined to presentation of 
empirical data and a few general remarks. 

Table 11 contains the average temperatures of the oceans in different 
latitudes, according to Krummel, except in the case of the Atlantic 
Ocean, for which new data have been compiled by BShnecke, In all 
oceans the highest values of the surface temperature are found somewhat 
to the north of the Equator, and this feature is probably related to 
the’ character of the atmospheric circulation in the two hemispheres. The 
ye^on of the highest temperature, the thermal Equator, shifts with the 
" ^ season, but only in a few areas is it displaced to the Southern Hemisphere 
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at any season. The larger displacements are all in regions in which the 
surface currents change during the year because of changes in the pre- 
vailing winds, and this feature also is therefore closely associated with 
the character of the atmospheric circulation. The surface temperatures 
in the Southern Hemisphere are generally somewhat lower than those in 
the Northern Hemisphere, and again the difference can be ascribed to 
difference in the character of the prevailing winds, and perhaps also to a 
wide-spread effect of the cold, glacier-covered Antarctic Continent. 

TabiiK 11 


AVEKAGE SURFACE TEMPERATURE OF THE OCEANS BETWEEN 
PARALLELS OF LATITUDE 


North 

latitude 

Atlantic 

Ocean 

Indian 

Ocean 

Pacific 

Ocean 

South 

latitude 

i 

Atlantic 

Ocean 

Indian 

Ocean 

Pacific 

Ocean 

70°-60‘’ 

5 60 



70“-60'’ 

- 1 30 

I 50 

- 1 30 

60-50 

8 66 


5 74 

60 -50 

1 76 

1 63 

5 00 

50 -40 

13 16 


9 09 

50-40 

8 68 

8 67 

11 16 

40-30 

20 40 


18 62 

10-30 

16 90 

17 00 

16 98 

30 -20 

24 16 

26 14 

23 38 

30-20 

21 20 

22 58 

21 53 

20 -10 . 

25 81 

27 23 

26 42 

20 -10 

23 16 

25 86 

25 11 

10 - 0. . 

26.66 

27 88 

27 20 

10-0 

25 18 

27 41 

26 01 


The average distribution of the surface temperature of the oceans in 
February and August is shown in charts 1 and 2. Again the distri- 
bution is so closely related to the formation of the different water masses 
and the character of the currents that a discussion of the details must be 
postponed. 

Difference Between Air- and Sea-Stirpacb Temperatures. It 
was pointed out that in all latitudes the ice-free oceans received a surplus 
of radiation, and that therefore in all latitudes heat is given off from the 
ocean to the atmosphere in the form of sensible heat or latent heat of 
water vapor. The sca-surface temperature must therefore, on an 
average, be higher than the air temperature. Observations at sea have 
shown that such is the case, and from careful determinations of air tem- 
peratures over the oceans it has furthermore been concluded that the 
difference, air- minus sea-surfacc temperature, is greater than that derived 
from routine ships’ observations. In order to obtain an exact value, it is 
necessary to measure the air temperature on the windward side of the 
vess^ at a locality where no eddies prevail and where the air reaches the 
thermometer without having passed over any part of the vessel. For 
measurements of the temperature a ventilated thermometer must be 
used. According to the Meteor observations the air temperature over 
the South Atlantic Ocean between latitudes 65®S and 20®N is, on an 
average, 0.8° lower than that of the surface, whereas in the same region 
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the Netherlands Allas of air- and sea-temperatures gives an average 
difference of only 0.1 degree. The reason for this discrepancy is that, on 
an average, the air temperatures as determined on commercial vessels 
aie about 0.7“ too high, owing to the ships’ heat. The Meteor result as 
to the average value of the difference, — i>a, is in good agreement with 
results obtained on other expeditions that took special precautions for 
obtaining correct air temperatures. Present atlases of air- and sea- 
surface temperatures have been prepared from the directly observed 
lvalues on board commercial vessels without application of a correction 
to the air temperatures. This correction is so small that it is of minor 
importance when the atlases are used for climatological studies, but, in 
any studies which require knowledge of the exact difference between air 
and surface temperatures, it is necessary to be aware of the systematic 
error in the air temperature. 

The difference of 0.8“ between air and surface temperatures, as derived 
from the Meleoi observations, is based on measurements of air tempera- 
ture at a height of 8 m above sea level At the very sea surface the air 
temperature must coincide with that of the water, and consequently the 
air temperature decreases within the layers directly above the sea. 
The most rapid decrease takes place, however, very close to the sea 
surface, and at distances greater than a few meters the decrease is so 
slow that it is immaterial whether the temperature is measured at 6, 8, or 
10 m above the surface. The height at which the air temperature has 
been observed on board a ship exercises therefore a minor influence 
upon the accuracy of the result, and discrepancies due to differences 
in the height of observations are negligible compared to the errors due to 
inadequate exposure of the thermometer. 

The statement that the air temperature is lower than the water 
temperature is correct only when dealing with average conditions. In 
middle latitudes the difference, — ^o, generally varies during the year 
in such a manner that in winter the air temperature is lower than the sea- 
surface temperature, whereas in summer the difference is reduced or the 
sign is reversed. The difference also varies from one region to another 
according to the character of the circulation of the atmosphere and of the 
ocean currents. These variations are of great importance to the local 
heat budget of the sea, because the exchange of heat and vapor between 
the atmosphere and the ocean depends greatly upon the temperature 
difference. 

It was shown that in middle latitudes the amount of heat given off 
from the Ocean to tire atmosphere is, in general, great in winter and 
probably negligible in summer. Owing to this annual variation in the 
heat exchange, one must expect the air over the oceans in winter to be 
^’-miuch wariAOr than the air over the continents, but in summer the reverse 
i tenditions should be expected. That such is the case is evident from a 
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computation of the average tempeiature of the air between latitudcsi 20°N 
and 80°N along the meiidian of 120“E, which runs entirely ovci land, and 
along the meridian of 20°W, which runs entiiely over the ocean In 
January the average temperature along the “land meridian” ol 12U^E ib 
— 15.9°, but along the “water meiidian” of 20°W it is 6 3°. In July the 
corresponding values are 19 4° and 14.6°, respectively Thus in January 
the air tempeiature between 20°N and 80° NT over the water meiidian 
is 22.2° higher than that over the land meridian, wheiea*- in July it is 4 8" 
lower. The mean annual tcmpeialuie is 7 0° higher along the watei 
meridian 



Fig. 16 Average annual ranges of surface temperatuie m the different oceans 
plotted against latitude (heavy curves) and the coi responding ranges in the radiation 
income (light curves) 


Annual Variation of Surface Temperature. Tho annual varia- 
tion of surface temperature in any region depends upon a number of 
factors, foremost among which are the variation duiing the year of the 
radiation income and the character of the ocean currents and of the 
prevailing winds. The character of the annual variation of the surface 
temperature changes from one locality to another, but a few of tho general 
features can be pointed out. The heavy curves in fig. 16 show the 
average range of the surface temperature in different latitudes in the 
Atlantic, the Indian, and the Pacific Oceans. The range represents 
the difference between the average temperatures in February and August, 
and the thin lines in the same figure show the range of the radiation 
income. The curves bring out two characteristic features. In the first 
place, they show that the annual range of surface temperature is much 
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greater in the North Atlantic and the North Pacific Oceans than in the 
southern oceans. In the second place, they show that in the southern 
oceans the temperature range is definitely related to the range in radiation 
income, whereas in the northern oceans no such definite relation appears 
te exist The great ranges in the northern oceans are associated with the 
character of the prevailing winds and, particularly, with the fact that cold 
winds blow from the continents toward the ocean and greatly reduce the 
winter temperatures. Near the Equator a semiannual variation is 
present, corresponding to the semiannual period of radiation income, but 
in middle and higher latitudes the annual period dominates. 

Annual Variation of Temperature in the Surface Layers. At 
subsurface depths the variation of temperature depends upon four fac- 




Fig. 17. A. Annual variation of temperature at different depths in Monterey 
Bay, California. B. Annual variation of temperature at different depths in the 
Kuroshio off the south coast of Japan. 

tors: (1) variation of the amount of heat that is directly absorbed at 
different depths, (2) the effect of heat conduction, (3) variation in the 
currents related to lateral displacement of water masses, pud 1[4) the effect 
of vertical motion. The annual variation of temperature of subsurface 
depths cannot be dealt with in a general manner, owing to lack of data, 
hut it is again possible to point out some outstanding characteristics, 
using two examples from the Pacific and one from the Atlantic Oceans. 
The effects of aU four of the important factors are illustrated in fig. 17A, 
which shows the annual variation of temperature at the surface and at 
depths of 26, 60, and 100 m,at Monterey Bay, California, according to 
Skogsberg. Skogsberg divides the year into three periods; the period of 
the Davidson Current, lasting from the middle of November to the 
middle of Eehruary, the period of upwelling, between. the middle of 
Eehruary and the end of July, and the oceanic period, from the end of 
Jdly tp the middle of November. The California Current off Monterey 
Bay, during the greater part of the year, is directed to the south, but dui’- 
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ing winter, from the middle of November to the middle of February, an 
inshore flow to the north, the Davidson Current, is present (p. 204). The 
water of this inshore flow is characterized by relatively high and uniform 
temperature, and appears in the annual variation of temperature as warm 
water at subsurface depths. The upper homogeneous layer is relatively 
thick, as is evident from the fact that the temperature is nearly the same 
at 25 m as it is at the surface, and that at 50 m it is only slightly lower. 
At the end of February the California Current again reaches to the coast, 
and under the influence of the prevailing northwesterly winds an overturn 
of the upper layers occurs which is generally described as upwelling 
(p. 131). During the period of upwelling, vertical motion near the coast 
brings water of relatively low temperature toward the surface. Conse- 
quently, the temperatures at given depths decrease when the upwelling 
begins. This decrease is brought out in fig 17A by the downward trend 
of the temperature at 25, 50, and 100 m, at which depths the minimum 
temperature is reached at the end of May. The much higher temperature 
at the surface as compared to that at 25 m shows that a thin surface layer 
is subject to heating by radiation, and flora the variation of temperature 
at 10 m, which is shown by a thin line, it is evident that the effect of 
heating is limited to the upper 10 m. As the upwelling gradually ceases 
toward the end of August, a sharp rise in temperature takes place both 
at the surface and at subsurface depths, and the peaks shown by the 
temperature curves in September are results of heating and conduction. 
Thus, the annual march of temperature can be attributed to changes in 
currents, to vertical motion associated with upwelling, to seasonal heating 
and cooling, and to heat conduction. 

The annual variation of temperature in the Kuroshio, off the south 
coast of Japan, as shown in fig. 17B, gives an entkely different picture. 
The annual variation has the same character at all depths between the 
surface and 100 m, with a minimum in late winter and a maximum in late 
summer or early fall, but the range of the variation decreases with depth, 
and the time of maximum temperature occurs later with increasing depth. 
From the course of the curves, it may be concluded that the annual varia- 
tion is due to heating and cooling near the surface and is transmitted to 
greater depths by processes of conduction. This assumption appears to 
be correct, but the heating and cooling also depend on excessive cooling 
in winter by cold and dry winds blowing toward the sea, and are caused 
only partly by variations in the net radiation. 

In order to be certain that observed temperature variations are 
related to processes of heating and cooling only, it is necessary to deter- 
mine whether the water in a given locality is of the same character 
throughout the year. For this purpose, Helland-Hansen developed a 
method that is applicable in areas in which it is possible to establish a 
definite relation between temperature and salinity (p. 86). He assumed 
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that any temperature value above oi below that determined by the iem- 
perature-salinity relation could be considered as resuliing fiom heating oi 
cooling of the water, and used the method within three areas m the eastein 
North Atlantic, Fig. 18 shows the curves that ho determined foi an area 
dff the Bay of Biscay with its center in approximately 47®N and 12®W. 
The character of the curves, the i eduction of the range, and the displace- 
ment of the times at which maxima occurred clearly show that one has to 
deal with heat conduction. In this case the variation in the heat content 
coriesponds neatly to the variation in net radiation, W'heieas in the 
Kuroshio the additional effect of excessive cooling in wintei by winds 
from the contment leads to much greater variations in lempeiature and 
heat content 
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MONTH 

Fig 18 Annual variation of temperature at different 
depths off the of Bistay in about 47°N and 12°W 

These examples serve to illustrate different types of annual variation 
of temperature that may be encountered in different localities and also to 
stress that conclusions as to the tempeiature variations associated with 
processes of local heating are valid only if the data are such that the 
influences of shifting cuirents and vertical motion can be eliminated. 

Diurnal Variation of Surface TempebatuSe. The range of the 
diurnal variation of surface temperature of the sea is, on an average, not 
more than 0.2 to C.B®. Earlier observations gave somewhat higher 
values, particularly in the Tropics, but new, more careful measurements 
and re-examination of earlier data in which doubtful observations were 
eliminated have shown that the raJige of diurnal variation is quite small. 
It can be stated that in general the diurnal variation of surface tempera- 
ture in lower latitudes can be represented by a sine curve with extreme 
values between 2;30'‘ and 3** and between UrSO** and 16'’, and a range of 
0.3“ to 0.4“. In higher latitudes the extreme values come later and the 
range is even smaller. In the Tropics the Meteor observations give ranges 
of only 0.2® to 0.3®. The Meteor and the Challenger data show that close 
to the Equator the diurnal variation of surface temperature is somewhat 
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unsymmetrical, the tempeiatuie mcieasing rapidly after sumise and 
decreasing slowly after sunset, but at gi eater distances from the Equator 
the curve becomes somewhat more symmetrical. 

In some coastal areas the changes thiough the year of the range of 
diurnal variation of surface temperature have been examined At 44 
stations around the British Isles, Dickson found that on an average the 
diurnal range varied between 0.20® m Deoember and 0.69“ in May. At 
individual stations, both the mean annual range and the vanation of the 
range from month to month wcie dependent upon the exposuie of the 
locality and the depth of the water at which the measurements weie made 
Similar results were derived by van dei Stock fiom observations at the 
Netherlands light ship on Schouwenbanlc, wheie during the yeai the 
range varied from about 0 15“ in January to 0 44“ in June This annual 
variation in range is closely related to the annual variation in the diumal 
amount of net heat received by piocesscs of ladiation. 

The range of the diurnal variation of temperature depends upon the 
cloudiness and the ivind velocity. Fiom observations in the Tropics, 
Schott found the mean and extreme values that are shown in table 12. 

Table 12 


RANGE OF DIURNAL VARIATION OF SURFACE TEMPERATURE IN THE 

TROPICS 


Wind and cloudiness 

Temperature range, 'C 

Average 

Maximum 

Aluumum 

1. Moderate to fresh breeze 




a Sky overcast 

0.38 

0 6 


b. Sky clear . 

0 71 

1 1 

0 3 

2 Calm or veiy light biecze 




a Sky overcast 

0 93 

1 4 

0 6 

b Sky clear 

1 69 

1 9 

1 2 

[ 


Similar results but higher numerical values wore found by Wegeraann 
from the Challenger data In both caaes the numerical values may be 
somewhat in eiror, but the character of the influence of cloudiness and 
wind is quite evident. With a clear sky the range of the diumal vaiia- 
tion is great, but with great cloudiness it is small; at calm or light breeze 
it is great, and at moderate or high wind it is small. The effect of cloudi- 
ness is explained by the decrease of the diurnal amplitude of the incoming 
radiation with increasing cloudiness. The effect of the wind is somewhat 
more complicated, but the main feature is that at high wind velocities the 
wave motion produces a thorough mixing in the surface layers and the 
heat that is absorbed in the upper meters is distributed over a thick layer, 
leading to a small range of the temperature, whereas in calm weather a 
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cou'ospondiug iu tensive mixing does not take place, ihe heat is not 
disi,ributo(l over a thick layer, and, consequently, the range of the 
temperature near the surface is much greater. 

Diurn AU Variation of Temperaturm in the Upper Layers 
fCuowledgo as to the diurnal variation of temperature at depths below the 
surface is very scanty. It can bo assumed that the depth at which the 
diurnal variation is perceptible will depend greatly upon the stratification 
of the water. A layer of sharp increase of density a short distance below 
the free water surface will limit the conduction of heat to such an extent 
that diurnal variation of temperature will be present above the boundai-y 
layer only. 

On the Meteor expedition, hourly temperature observations were made 
at the surface and at a depth of 60 m at a few stations in the Tropics 
where an upper homogeneous layer was present which had a thickness of 
70 m. Defant has shown that in these cases the diurnal oscillation of 
temperature at subsurface depths is in agreement with the laws that have 
been derived on the assumption of a constant heat conductivity. At 
50 m the amplitude of the diurnal variation was reduced to less than two 
tenths of the amplitude at the surface, and the maximum occurred about 
6.6 hours later 

The diurnal variation of sea temperature is, in general, so small that 
it is of little importance to the physical and biological processes in the son, 
but knowledge of the .small variations is essential to iho study of the 
diurnal exchange of heat between the atmosphere and the sea (p. 69). 
The data that are available for this purpose, however, are very inadequate 
at the present time. 


Distribution of Density 

The distribution of the density of the ocean watera is related to two 
features. In a vertical direction the stratification is generally stable 
(p. 87 and p. 100), and in a horizontal direction differences in density can 
exist only in the presence of currents. The general distribution of 
density is therefore closely related to the character of the currents, but for 
the present purpose it is sufficient to emphasize the fact that in every 
ocean region water of a certain density that sinks from the sea surface 
tends to sink to and spread at depths where that density is found. 

Since the density of sea water depends on its temperature and salinity, 
all processes that alter the temperature or the salinity influence the den- 
sity. At the surface the density will be decreased by heating, addition of 
precipitation, melt-water from ice, or by run-off from land, and will be 
increased by cooling, evaporation, or formation of ice. If the density 
of the surface water is increased beyond that of the underlying strata, 
vertical convection currents arise that lead to the formation of a layer 
of homogeneous water. Where intensive cooling, evaporation, or freezing 
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takes place, the vertical convection currents penetrate to greater and 
greater depths until the density has attained a uniform value from the 
surface to the bottom. When this state has been established, continued 
increase of the density of the surface water leads to an accumulation 
of the densest water near the bottom, and, if the process goes on in an 
area that is in free communication ivith other areas, this bottom water of 
great density spreads to other regions. If the increase of density at the 
surface stops before the convection currents have reached the bottom, 
the process may lead to the formation of watei that spreads at an inter- 
mediate level. 

In the open oceans the temperature of the surface water in lower 
and middle latitudes is .so high that the density of the water remains low, 
even in regions where high &alinitie.s occur through excess of evaporation. 
In these latitudes, convection cuirfents are limited to a relatively thin 
layer near the surface and do not lead to formation of deep or bottom 
water. Such formation takes place mainly in high latitudes, where, 
however, the exce.ss of precipitation in most regions prevents the develop- 
ment of convection currents that reach to great depths. This excess of 
precipitation is so groat that deep and bottom water is formed only in two 
cases: (1) if water of high salinity has been carried into high latitudes 
by currents and is cooled, and (2) if water of relatively high salinity 
freezes. 

The first conditions arc eneountered in the Noiih Atlantic Ocean, 
whore water of the Gulf Stream system, the salinity of which has been 
raised in lower latitudes by excessive evaporation, is carried into high 
latitudes. In the Irminger Sea, between Iceland and Greenland, and in 
the Labrador Sea, this water is partly mixed with cold water of low salinity 
that flows out from the Polar Sea (p. 166). This mixed water has a rela- 
tively high salinity, and, when it is cooled in winter, convection currents 
that may reach from the surface to the bottom develop before any freezing 
of ice begins. In this manner, deep and bottom water is formed that has 
a high salinity and a temperature that lies several degrees above the freez- 
ing point of the water (table 19, p. 170). A similar process takes place 
in the Norwegian Sea, but there deep and bottom water is formed at a 
temperature which deviates only slightly from the freezing temperature 
(p. 167). 

In the Arctic the second process is of minor importance. There, in 
the regions where freezing occurs, the salinity of the surface layers is very 
low, mainly owing to the enormous masses of fresh water that are carried 
into the sea by the Siberian rivers. Close to the Antarctic continent, 
however, formation of bottom water by freezing is of the greatest impor- 
tance. At some distance from the Antarctic continent the great excess 
of precipitation maintains a low surface salinity, and in these areas winter 
freezing is not groat enough to increase the salinity sufficiently to form 
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water, lait ou some parls of tUc foutinnital hholt Miriounding 
Aiitarrtioa rapid freezing iu winter pioduccs liomoftenoous water that 
attains a higher density than the watiw oft the shelf, luid I herd ore flows 
do\Mi the eontinontal sloiie to the greatest depths. When sinking, the 
water is mixed with circumpolar water of somewhat higher lempeiatuie 
and salinity, and therefore the resulting bottom water has a fcmpciature 
slightly above freezing point (p. 155). An aetive production of bottom 
water takes place to the south of the Atlantic Ocean, but not within the 
Antarctic part of the Pacific Ocean. 

In some isolated adjacent seas the evaporation may be so intense that 
a moderate cooling leads to the formation of bottom water. This is the 
case in the Mediten’anean Sea and the Red Sea, and to some extent in the 
inner part of the Gulf of California, in which the bottom water has a high 
temperature and a high salinity and is formed by winter cooling of water 
whose salinity has been increased, greatly by evaporation. Where such 
adjacent seas are in communication with the open oceans, deep water 
flows out over the sill, mixes with the water masses of the ocean, and 
spreads out at an intermediate depth corresponding to its density 
(p. 167). 

In general, the water of the greatest density is formed in high latitudes, 
and, bceauso this water sinks and fills all ocean basins, the deep and 
bottom water of all oceans is cold. Only in a few isolated basins' in 
middle latitudes is relatively warm deep and botl om water encountered. 
When spreading out from the regions of formation the bottom water 
rccoivoB small amounts of heat from the intciior of the earth, but this 
heat is carried away by eddy conduction and cm rents, and its effect 
on the temperature distribution is imperceptible. 

Sinking of surface water is not limited to regions in which water of 
particularly high density is formed, but occurs also wherever converging 
currents (convergences) are present, the sinking water spreading at inter- 
mediate depths according to its density. In general, the density of the 
upper layers increases from the Tropics toward the poles, and water that 
sinks at a convergence in middle latitudes therefore spreads at a lesser 
depth than water that sinks at a convergence in high latitudes. 

The most conspicuous convergence is the Antarctic Convergence, 
which can be traced all around the Antarctic continent (p. 165). The 
water that sinks at this convergence has a low salinity, but it also has a 
low temperature and consequently a relatively high density. This 
water, the Antarctic Intermediate Water, spreads directly over the deep 
water and is present in all southern oceans at depths between 1200 and 
SOO m. The corresponding Arctic Convergence is poorly developed in 
the North Atlantic Ocean, where an Atlantic Arctic Intermediate Water is 
practically lacking, but it is found in the North Pacific, where Pacific 
Arctic Intermediate Water is typically present, 
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In middle and lower latitudes, two more convergences are found — the 
Subtiopioal and the Tiopical Convergences. These are not so well 
defined as the Antarctic Convergence, but must be considered more as 
regions in which converging cuiients are present. The Subti epical 
Convergence is located in latitudes in which the density of the upper 
layers increases rapidly toward the poles The sinking water therefore 
has a higher density the farther it is removed from the Equator, and will 
spread out at the givatcst depths. 

In the Tropics the density of the surface water is so low that, regard- 
less of how intense a convergence is, water from the surface cannot sink to 
any appreciable depth, but spreads out at a short distance below the 
surface. A sharp boundary suiface develops between this light top layer 
and the denser water at some greater depth. 

In order to account foi the genoial features of the density distribution 
in the sea, emphasis has been placed on descending motion of surface 
water, but evidently regions must exist in which ascending motion pre- 
vails, because the amount of water that rises toward the surface must 
exactly equal the amount that sinks. Ascending motion occurs in regions 
of diverging cuiients (divergences), which may be present anywhere in 
the sea but which arc particularly conspicuous along the western coasts 
of the continent, where prevailing winds carry the surface waters away 
from the coast. There the xipwelUng of subsurface water takes place, a 
proccbs that will be described when dealing with specific areas. The 
upwelling brings water of greater density and lower temperature toward 
the suiface, and theiefore exercises a wide-spread influence upon condi- 
tions off coasts where the process takes place but where the water rises 
from depths of less than a few hundred meters. Ascending motion takes 
place on a large scale around the Antarctic Continent, particularly to the 
south of the Atlantic Ocean, where rising deep water replaces water that 
contributes to the formation of the Antarctic bottom water and of the 
water that sinks at the Antarctic Convergence. 

It is evident from these considerations that in middle and lower 
latitudes the vertical distribution of density to some extent reflects the 
horizontal distribution at or near the surface between the Equator and 
the poles. It is also evident that, in general, the deeper water in any 
vertical column is composed of water from different source regions, and 
once was present in the surface layer somewhere in a higher latitude. 
Owing to the character of the currents, these generalizations are, how- 
ever, subject to modifications within different ocean areas, and these 
modifications will be discussed when dealing with the different oceans. 

Subsurfqce Distribution of Temperature and Salinity 

The general distribution of temperature is closely related to that of the 
density. In high latitudes the temperature is low from the surface 
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to Ihe bottom. The bottom and deep waters that spread out from high 
latitudes retain their low temperature, but in middle and lower latitudes 
a warm top layer is present, the thickness of which depends partly on the 
processes of heating and cooling at the surface and partly on tbe character 
of the ocean currents. This upper layer of warm water is separated from 
the deep water by a layer of transition within which the temperature 
decreases rapidly with depth. From analogy with the atmosphere, 
Defant has applied the terms “troposphere” and “stratosphere” to two 
different parts of the ocean. “Troposphere” is applied to the upper 
layer of relatively high temperature which is found in middle and lower 
latitudes and within which strong currents are present, and “strato- 
sphere” is applied to the nearly uniform masses of cold deep and bottom 
water. This distinction is often a very useful one, particularly when 
dealing with conditions in lower latitudes, but it must be borne in mind 
that the terms are based on an imperfect analogy with atmospheric condi- 
tions and that only some of the characteristics of the atmospheric tropo- 
sphere and stratosphere find their counterparts in the sea. 

So far, we have mainly considered an ideal ocean extending to high 
northerly and high southerly latitudes. Actually, conditions may bo 
complicated by communication with large basins that contribute to the 
formation of deop water, such as the Mediterranean Sea, but those cases 
will be dealt with specifically when considering the different regions. 
Conditions will be modified in other directions in the Indian and Pacific 
Oceans, which are in direct communication with only one of the polar 
regions, and these modifications will also bo taken up later. Here it must 
be emphasized that the general distribution of temperature is closely 
related to the distribution of density, which again is controlled by external 
factors influencing tho surface density and the type of deep-sea circulation. 

The general distribution of salinity is more complicated than that of 
temperature. Within the oceanic stratosphere the salinity is very 
uniform, but within the troposphere it .varies greatly, being mainly 
related to the excess of evaporation over precipitation. The distribution 
of surface salinity, already discussed (p. 71), is in general characteristic 
of the distribution within the troposphere, as is evident from the vertical 
section in figs. 60 (p. 213) and 61 (p. 216). 

Water Masses 

The T-S Diaoeam. Water masses can be classified on the basis of 
their temperature-sahnity characteristics, but density cannot be used 
for classification, because two water masses of different temperatures and 
salinities may have the same density. For the study of water masses, it is 
convenient to make use of the UmperaiuTe-saUnity (T-S) diagram, which 
was introduced by Helland-Hanaen. Helland-Hansen pointed out that 
when in a given area the temperatures and corresponding salinities of the 
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subsurfapo water aic plotted against each other, the points generally fall 
on a wcll-dofinod eurv(', the T-S curve, showing the temperature-salinity 
relationship of the subsurface water of that region. Surface data have 
to be omitted, because annual variations and local modifications lead to 
discrepancies. 

The corresponding temperature and salinity values in a water column 
are found to arrange themselves according to depth. The depths of the 
observed values can be entered along the T-H curve, which then will also 
give information as to variation of temperature and salinity with depth. 

The density of the water at atmospheric pressure, which is expressed 
by means of at (p. 11), depends only on temperature and salinity, and 
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Fig. 19. Left; Temperature and salimty at Attaviia stations 1638 and 1640 m the 
Gulf Stream off Onslow Bay, plotted against depth. R%ghl: The same data plotted 
in a T-& diagram in which <rt curves have been entered. 


therefore curves of equal values of <rj can be plotted in the T~S diagram. 
If a sufiBciently large scale is used, the exact o* value corresponding to any 
combination of temperature and salinity can be read off, and, if a small 
scale is used, as is commonly the case, approximate values can be obtained. 
The slope of the observed T-S curve relative to the ot curves gives 
immediately an idea of the stability of the stratification (p. 100). 

A T-S diagram is shown on the right in fig. 19. On the left in the 
same figure the observed temperatures and salinities at Atlantis stations 
1638 and 1640 in the Gulf Stream off Onslow Bay are plotted against 
depth, and on the right the same values are entered in a T-S diagram. 
The depths of a few of the observations are indicated. In this case, the 
temperature-salinity values between 277 and 461 m at station 1638 agree 
with those between 690 and 790 m at station 1640, indicating that at the 
two stations water of similar characteristics was present but at different 
depths. 
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'riie 'i’-M (UaRram has become one of the mosl- valuable 1 ools in physical 
uceauo(j;raphy. Hy means of ibis diagram, characteristic features of the 
tcmperuturo-saliiuty distribution, are conveuienlly represented and 
anomalies in the distribution are easily recognized. The diagram is also 
widely used for detecting possible errors in the determination of tempera- 
ture or salinity (p. 4.4). 

Water Masses and Their Formation. In accordance with Hel- 
land-Hansen’s original suggestion a water mass is defined by a T~S curve, 
but in exceptional cases it may bo defined by a single point on a T-S 
curve — that is, by means of a single temperature and a single salinity 
value. These exceptional cases are encountered in basins where homo- 
geneous water is present over a wide range of depth. A water type, 



Fig. 20. Diagrammatio representation of results of vertical mixing of water types. 
To the left the results of mixing arc shown by temperatures and solmities as functions 
of depth, and to the right ate shown in throe T-iS> diagrams the iaitiol water types 
(1) and the T-S relations produced by piogressive mixmg (2 and 3). 

on the other hand, is defined by means of single temperature and salinity 
values, but a given water type is generally present along a surface 
in the sea and has no thickness. Only in the exceptional cases that 
were referred to are the terms “water type” and “water mass” inter- 
changeable, but in oceanographic literature the terms have been used 
loosely and without the distiuction that has been introduced here. 

In many areas the T-S curves are straight lines or can be considered 
as composed of several pieces of straight lines. Elementary considera- 
tions show that a linear relation between temperature and salinity must 
result if the water types, which can be defined by the end points of the 
straight line, mix in different proportions. Similarly, a curved T-S 
relation may result from the miung of three different types of water. 
Fig. 20 illustrates in two simple cases how progressive mixing alters the 
temperature-salinity relation. These considerations are of a formalistic 
nature, but have in many instances led to the concept that certain 
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water types exist and that the TS relations that are obseiwcd represent 
the end results of mixing between the types. This concept piesupposes 
that the water types (often referred to as water masses) are cohtinually 
renewed, because, if that were not the case, processes of mixing would 
ultimately lead to the fomation of homogeneous water. It is possible, 
however, to account for the character of the T-S curves in the ocean by 
considering other processes. 

In the first place, it should be observed that a water mass of uniform 
temperature and salinity is rarely formed in the open ocean. In high 
latitudes, where convection currents in winter may reach to the bottom, 
the deep and bottom water will mostly not be uniform, because in some 
years the density of the surface water will be greater than in other years, 
and the convection current will reach to different depths, depending 
upon how much the density of the surface water has been increased. 
As a consequence, even in these areas the density increases toward the 
bottom; the bottom water is not homogeneous and shows, therefore, a 
definite temperature-salinity relationship. In the second place, sinking 
at convergences in middle latitudes may lead, as pointed out by Iselin, 
to the formation of a water mass with a T-S curve that reflects the 
horizontal distribution of temperature and salinity at the surface. 
Fig. 21A illustrates this point. The figure represents a schematic cross 
section in which are entered isotherms and isohalines that are all parallel 
and that all cut the surface. The at curves have not been plotted, but 
are parallel to the isolines. The indicated system will remain stationary 
if sinking of surface water takes place between the lines a and h and if 
the sinking water remains on the same at surface. It will also remain 
stationary if mixing takes place along or across at surfaces. These 
processes will lead to the formation of a water mass which, between the 
curves a and b, always shows the same temperature-salinity relation — 
namely, the relation that is found along the sea surface. Iselin showed 
that the horizontal T-S curve along the middle part of the North Atlantic 
Ocean is very similar to the vertical T-S curve that is characteristic 
between temperatures of 20“ and 8“ over large areas of the North Atlantic 
Ocean, and he suggested that processes of sinking and lateral mixing are 
mainly responsible for the formation of that water. Ext^sive use of 
this concept will be made in the chapter dealing with the water masses 
and currents of the oceans. 

However, a similar T-3 relationship can be established by different 
processes, as is illustrated in fig. 21B. It is here assumed that two water 
types, o and b, are formed at the surface and sink, following their charac- 
teristic at surfaces. It is furthermore assumed that, at subsurface 
depths, mixing takes place between these two water types, whereas, 
near the surface, external processes influence the distribution of tem- 
, perature and salinity in such a way that the different curves cross each 
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other. In these circumstances one obtains at subsurface depths a T~S 
relation that is similar to the one which was found in the previous exam- 
ple, but along the sea surface an eutu-ely different T~S lelation may 
exist. The processes of mixing must in this case take place across at 
surfaces in order to establish the T-S relation, but at subsurface depths 
mixing along Jt surfaces is not excluded. At present it is impossible to 
decide which process is of the greater importance. 




Hg. 21. A. Schematic representation of the formation of a water mass by smk- 
ing along <rt surfaces (which coincide with the parallel temperature and salinity sur- 
faces) in a region of convergence. The diagram to the right demonstrates that the 
vertical T-S relation of the water mass agrees with the horisontal T-S relation at the 
surface in the region of convergence. B. Schematic repreBcntation of formation 
of a water mass by sinking of water types at two oonvergenoes and by subsequent 
sinking The diagram to the light illustrates that in this case the vertical T-S 
rektion of the water mass need not agree with the horiaontal T-S relation at the 
surface between the oonvergenoes. 

The point to bear in mind is that the waters of the ocean all attained 
their oriipi^al characteristioe when the water was in contact with the 
atmosphere or subject to heating by absorption of radiation in the surface 
layers, and that in course of time these characteristics may become 
greatly changed by mixing. This mixing can be either lateral— that is, 
take place along at ^u^face8 — or it can be vertical, crossing at surfaces. 

An example of lateral mixing between water masses is found off the 
coast of Califomia, where the water that flows north close to the coast 
has a T-8 relation which differs greatly from that of the water flowing 
south at some distance from the coast. Between these two water masses 
are found waters of an intermediate charaotea' that could not possibly 
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have beea formed by vertical mixing and must have been formed by 
lateral mixing, probably along o-i surfaces. An example of modification 
of a water mass by vertical mixing is found in the South Atlantic where 
the Antarctic Intermediate Water flows north. This water, near its 
origin, is characterized by a low salinity minimum, but the greater the 
distance from the Antarctic Convergence the less pronounced is the 
salinity minimum (fig. 60, p. 213). This change probably cannot be 
accounted for by lateral mixing, but Defant has shown that it can be 
fully explained as a result of vertical mixing. 

Wfist has introduced a different method for the study of the spreading 
out and mixing of water types — the “core method.” By the “core” 
of a layer of water is understood that part of the layci within which 
temperature or salinity, or both, reach extreme values. Thus, in the 
Atlantic Ocean, the water that flows out from the Mediterranean has a 
very high salinity and can be traced over large portions of the Atlantic 
Ocean by moans of an intermediate salinity maximum which decreases 
with increasing distance from the Strait of Gibraltar. The layer of 
salinity maximum is considered as the core of the layer in which the 
Mediterranean Water spreads, and the decrease of the salinity within 
the core is explained as the result of processes of mixing In tbds case a 
certain water type, the Mediterranean Water, enters the Atlantic Ocean 
and loses its characteristic values, owing to the mixing, but can be 
traced over long distances. The spreading of the water can also be 
described by means of a T-S curve, one end point of which represents 
the temperature and salinity at the source region and the other end point 
the temperature and salinity in the region where the last trace of this 
particular water disappears. Having defined such a T-S curve, one can 
directly read off from the curve the percentage amount of the original 
water type that is found in any locality. The core method has proved 
very successful in the Atlantic Ocean, and is particularly applicable in 
cases in which a well-defined water type spreads out from a source region. 

It has been mentioned that differences in density in a horizontal 
direction can exist only in the presence of currents, and therefore the 
relation between density distribution and currents must now be dis- 
cussed. The character of the currents in the different oceans must also 
be examined, because knowledge of the oceanic circulation is necessary 
to an understanding of the interaction between the atmosphere and the 


sea. 



CHAPTER VI 


Ocean Currents Related to the Distribution of Moss 


Introduction 

The ocean currents may be conveniently divided into three groups: 
(1) currents that are related to the distribution of density in the sea, (2) 
currents that are caused directly by the stress which the wind exerts 
on the sea suiface, and (3) tidal currents and currents associated with 
internal waves. 

To the first class belong the weH-lcnown, large-scale ocean currents 
such as the Gulf Stream, the Kuroshio, the Equatorial Currents, tho 
Benguela Current, and others. All of these currents transport great 
amounts of water. Their couraes at the surface are known fiom ships' 
observations (p. 45), and at subsurface depths their character has, in a 
few localities, been determined from direct measurements of currents 
from anchored vessels, and in many more localities they have been 
ascertained from determinations of temperatures and salinities. 

The wind drift also transports water in one and the same direction 
over large areas if it blows prevailing from one direction. Tho wind 
drift is of fundamental importance to the development and maintenance 
of tho ocean circulation, and will therefore be dealt with in a sepirate 
chapter. 

In contrast to these two types of currents the currents that are 
associated with tides and internal waves run alternatingly in opposite 
directions or are rotating. Although such currents may attain high 
velocities and are oceanographically significant, they are of no direct 
importance to the circulation of the ocean waters or to the interaction 
between the ocean and the atmosphere and will therefore not be discussed 
here- 

In general, all three types of currents are present at the same time, 
and this makes it virtually imiioBsible to obtain knowledge of the ocean 
currents on an entirely empirioal basis. If such knowledge were to be 
obtained, it would be necessary to conduct measurements from anchored 
vessels at numerous localities for long periods and at many depths. By 
means of such series the different types of periodic currents could be 
examined, and by avera^ng they could be elinunated and the other types 

osr 
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htuilicd. In many occauogiaphic problems, however, knowledge of the 
pel iodic cm lent h not essential, but knowledge of the currents that 
tiauspoit water ovei long distances is important. Cuiients i elated 
lo the distiibiition of density can be computed irom the moic easily 
observed temperatmes and salmities by tollowing the proccduie that will 
be discussed in detail in the following pages, and wind currents can be 
examined theoretically Heiein lie the value of the application of 
hydrodynamics to oceanography and the necessity of familiarity with 
this application if all possible conclusions are to be diawn from the 
observed distributions. 


Equations of Motion Applied to the Ocean 
General Equations When dealing with ocean currents the same 
forces have to be considered as those which must be taken into account 
when discussing the dynamics of the atmospheie, namely (1) gravita- 
tional forces, (2) foiccs due to pressure gradients, (3) the deflecting force 
of the earth’s rotation, and (4) frictional foices. In a left-handed rec- 
tangular coojdinato system with the positive, g-axis directed downward 
the equations of motion have the fom 
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The symbols used have the meaning; 


«y, V„ 

the velocity components along the coordinate axes 


the horizontal velocity toward the east 

£2, 

angular velocity of rotation of the earth, 0.729 X 10“* 

V, 

geographic latitude 


specific volume of the water 

P, 

pressure 

Rai Rj/t Rmj 

components of the frictional force per unit volume 


acceleration of gravity. 


In the above form the equations are applicable to conditions in the 
Northern Hemisphere. For the Southern Hemisphere the sign of the first 
term on the right-hand side of the firat two equations, the term represent- 
ing the horizontal components of the deflecting force, must be reversed. 
Motion in the Circle op Inertu. If the horizontal component 
of the deflecting force of the earth’s rotation is the only acting force, the 
equations of horizontal motion have the form 
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^ = 2Q Bin ipVy. 
at 

dVu f\r\ * 

= —20 sm ip Os. 


(VI, 2) 


These equations define motion in a circle of radius r, where 


r = oTT- — ' (VI, 3) 
2f2 sm <p ' > / 

V being the horizontal velocity. 
The tune of rotation in the in- 
ertia circle is T = 27r/2fi sin <p, 
which is called “one half pen- 
dulum day.” Motion of this 
type has been observed in the 
sea. The most striking exam- 
ple is found in a report by 
Qustafson and Kullenberg, in 
which are described the results 
of 162 hours’ coutinuous rec- 
ord of currents in the Baltic. 
The measurements were under- 
taken between the coast of 
Sweden and the island of Got- 
land, in a locality where the 
depth to the bottom was a 
little over 100 m. On August 
17, 1933, when the measure- 
ments began, a well-defined 
stratification of the water was 
found. From the surface to a 

represented by a progressive vector diagram sity increased rapidly with 
foi the period, August 17 to August 34, 1933, depth. Below 30 m a slow in- 

and by a central vector diagram between e* „„„„„„ j ji 

and 20» on August 21 (according to Gustaf- crease co^mued toward the 
son aiid Kullenbeig). bottom. The current meter, 

a Pettersson photographic re- 
cording meter, was suspended at a depth of 14 m below the surface, and 
thus would record the motion of the upper, homogeneous water. 

Gustafson and KuUenberg have represented the results of the records 
in the form of a “progressive vector diagram” (fig. 22), which is prepared 
by successive graphical addition of the hourly displacements as computed 
from the average hourly velocities. Every twelfth hour is marked on the 
curve by a short line. The curve represents the path taken by a water 
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paitioJo, iT li js assumed that the observed motion is characteristic of a 
consideiably extended water mass. 

The cuive shows a general motion toward the northwest and later 
toward the north, superimposed upon this is a turning motion to the right, 
the amplitude of which fiist increases and later decreases. This rotation 
to the right {cum sole) is brought out by means of the inset central vector 
diagram in which the observed currents between August 21, and 20*“, 
are represented. The end points of the vectors fall nearly on a, circle, as 
should be expected if the rotation is a phenomenon of inertia', but the 
center of the circle is displaced to the north-northwest, owing to the char- 
acter of the main motion. 

The period of one rotation was 14 hours, which corresponds closely to 
one half pendulum day, the length of which in the latitude of observation 
is 14 08“ I on an average the periodic motion was nearly in a circle. It is 
possible that this superimposed motion can be ascribed to the effect of 
wind squalls, and that the gradual reduction of the radius of the circle 
of inertia is due either to frictiond influence or to a spreading of the 
original disturbance. According to a theoretical examination by Defant, 
it is probable that inertia oscillations of this nature are associated with 
internal waves. 

SiMruFinm Eottations of Monoif. When the general equations of 
motion are applied to the ocean, certain simplifications can bo made. 
The vertical acceleration and the frictional term B, can always be 
neglected. Similarly, the term depending upon the vertical component 
of the deflecting force can be neglected. The third equation of motion is 
therefore reduced to the hydrostatic equation, and the equations can be 
written in the following form, introducing the abbreviations \ * 20 sin ip, 

= dvjdt, and iiy = dvy/dt and measuring the pressure in decibars (p. 10) : 


= X»v - 10a^ + aR„ 


dx 

tfy = — Xo* — 10a ^ -f OlRy, 
ay 


0 = J - lOa 


dp 

dz' 


(VI, 4) 


At perfect hydrostatic equilibrium the isobaric surfaces coincide with 
level surfaces, but this is no longer the case if motion exists. At aqy time 
an isobaric surface is defined by 

From equations (VI, 5) and (VI, 4) one obtains the equation for the 
isobaric- surfaces in a moving system: 

dp (XpVy -jr By — pi>B)dx + (-'Xps* + By — pVv)dy 

4- gpdz as 0. (VI, 6) 
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From equations (VI, 5) and (VI, 4) it also follows that the (‘oinpononls 
ol the horizontal pressure gradient are identical with the components of 
gravity acting along the isobaric surfaces. 





(VI, 7) 


The inclination is positive in the direction in which the surface slopes 
downward because the positive z axis is directed downward. 

To the above equations must be added the equation of continuity 
and the kinematic and dynamic boundary conditions. The equation of 
continuity can be written in the form: 


1 ^ _ 1 ^ ^ 
p dt a dt dx dy dz 


div w, 


(VI, 8) 


and states that the rate of expansion per unit volume of a moving element 
equals the divergence of the velocity. The vector symbol v is used for 
the velocity. Water is nearly incompressible, and in the sea the vertical 
component of velocity is always small. When applied to the oceans the 
equation of continuity is often reduced to {dv^/dx + Bvy/Bij) = 0. 

The kinematic boundary condition states that a particle on a boundary 
surface must move in a direction normal to the surface with the velocity 
of that surface. If the boundary surface is rigid, the water in contact 
with the surface can have no velocity component normal to the surface. 

A dynamic boundary condition states that at any boundary surface 
the pressure must be the same on both sides of the surface. This also 
applies to internal boundaries that separate water of different density, in 
which case the condition states only that the pressure must vary con- 
tinuously. The densities and velocities may, however, vary abruptly 
when passing from one side of the boundary surface to the other. Calling 
the densities on both sides p and p', and the velocities v and v', and omit- 
ting the frictional terms and the accelerations, the dynamic boundary 
condition takes the form 

d(p — p') — X(pt>j( — p'vy)dx — \(pvx — p'vx')dy 

+ (;(p - p')£fo = 0, (VI, 9 

because along the boundary surface p = p', where p represents the pres- 
sure exerted against the boundary suriace from one side, and p' represents 
the pressure exerted from the other side. Equation (VI, 9) must be 
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fulfilled everywhere along the boundary surface, and defines theiefore the 
shape of that surface in the same manner that (VI, 6) defines the isobanc 
surfaces. 

The dynamic energy equation is obtained by consideiing that the work 
done by a force is equal to the product of the force and the distance 
traveled in the direction of the force. Multiplying the equations of 
horizontal motion by Vx and respectively, and adding, one obtains 

4 ( 5 '’) = + + ii.., + eA IVI, 10) 

because 

■rf. + ».#,- 1 (5 ».■ + 5 - a (5 ■’■) 

and because the terms containing the deflecting force cancel. On the 
left-hand side of the equation stands the increase of kinetic energy per 
unit mass. On the right-hand side stands the sum of the work per unit 
mass performed by the forces due to pressure distribution and friction. 

The equation is of small interest because it tells only that the increase 
of kinetic energy per unit mass equals the work peifoimed per unit mass 
by the acting forces, but, combined with the thermodynamic energy equa- 
tion, it becomes of importance. The complete derivation is given by 
V. Bjerknes and collaborators; only the result for a system that is 
enclosed by solid boundaries is stated here: 

^ = (Bxv. -f- Mdx dy dz, (VI, 1 1 ) 


where W is the amount of heat added to the system, K is the total kinetic 
energy of the system, # is the potential, and E is the internal eueigy. If 
the total energy of the system remains unaltered, the amount of heal 
added in unit time must equal the work per unit time of the frictional 
forces. If, on the other hand, no heat is added, the work of the frictional 
forces must lead to a change of the total energy of the system. 

Practical Application op the Hydrodtnamic Equation poh the 
Computation op Ocean Currents. In their above form the hydro- 
dynamic equations are still too complicated to serve practical purposes, 
and hence they must be further simplified by assuming (1) that accelera- 
tion can be neglected and ( 2 ) that frictional forces can be neglected. On 
these assumptions the components of the horizontal velocities are 
obtained: 




10 dp 

'x “ay 


, 10 dp 

and = 


(VI, 12) 


i'll 



and “ X 


or 


(VI, 13) 
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These equations are equivalent to the equations of the geosliophic wind 
in the atmosphere. The velocities are expressed here either by the pres- 
sure gradients, in which case the factor 10 enters because the pressure is 
measured in decibars, or by the inclination of the isobaric surfaces (VI, 7) 
It wdl be shown that the ocean currents can be obtained with sufficient 
accuracy from these simple equations, and the problem of computing the 
’urrents is reduced to a determination of the pressure gradients in the sea 
or of the inclination of the isobaric surfaces. Thus, if the field of pressure 
in the sea is known, the coneaponding currents can also be approximately 
known. 

The field of pressure can be fully represented by (1) a series of charts 
showing isobars in standard level surfaces or (2) a series of charts show- 
ing the topography of standard isobaric surfaces. 

The term level surface is understood to mean a surface that is every- 
where normal to the acceleration of gravity — ^that is, a surface of constant 
gravity potential. The work required for bringing a unit mass from one 
level surface to another is independent of the path taken. If the unit 
mass is moved the distance h along the plumb line, the work is IT = gh, 
where g is the acceleration of gravity. The numerical value of this work 
depends upon the units used for length and time. If length is measured 
in meters and time in seconds, the unit of work per unit mass is a dynamic 
decimeter. Thus, differences in geopotentials are in the meter-ton-second 
system (m t.&.) measured in dynamic decimeters, but the dynamic meter 
is the practical unit for measuring geopotential differences and is indicated 
by the symbol D. The difference in geopotential between the sea s,urface 
and a level surface at the geometrical depth, z, is therefore in dynamic 
meters: 

D^^Hoj'gdz, (VI, U) 

and similarly the geometric depth of a given level surface is 

a = 10 (VI, 16) 

Since the acceleration of gravity varies with latitude and depth, the 
geometric distance between level surfaces is variable, being greater at 
the Equator than at the poles and being greater near the sea surface than 
at great depths, but the “dynamic distance” between two given level 
surfaces is constant. When the pressure field is represented by the 
topography of isobaric surfaces, it is of advantage to use “dsmamic” 
contours — ^that is, to represent the lines of intersection between the 
isobaric surfaces and a series of level surfaces. Charts of this character 
will be called charts of geopoterUM topography. If the dynamic meter is 
used as the unit of geopotential, tiie geopotential slope of an isobaric 
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BUi'face is 

(VI, 16 ) 

where represents the geometric slope. Consequently the currents as 
computed from (VI, 13) are also represented by 

10 fdD\ , 10 fdD\ 

That is, the current is parallel to the geopotential contours and is so 
directed that in the Northern Hemisphere, for which the above equations 
are valid, the surface rises to the right of an observer looking in the 
direction of flow, and in the Southern Hemisphere it rises to the left. 

The Fields of Pressure and Mass in the Ocean 
The relation between the distribution of mass and pressure is expressed 
by the hydrostatic equation, which can be written 

dp = p,,d,tdD or dD = a,.i,pdp, (VI, 18) 

whore the pressure is measured in decibars and the geopotential in 
dynamic meters. If the distribution of mass is known, the hydrostatic 
equation can be used for computing the differences in pressure at two 
dynamic depths, Hi and D%, or the difference in dynamic depth of two 
pressures, pi and ps. In order to represent the pressure field completely, 
it is necessary to know the isobars in one level surface or the topography 
of one isobaric surfacd. 

In dealing with the atmosphere, complete information can be obtained, 
because the distribution of pressure at sea level can be derived from 
direct observations of pressure and because the decrease of pressure with 
height can be computed from uppw air observations of temperature and 
humidity. When dealing with the oceans, however, one encounters the 
fundamental difi&culty that it is impossible to determine directly the 
pressure in any level surface or the topogiaphy of any isobaric surface. 
The sea surface itself can in the first approximation be taken as an isobaric 
surface, but the topography of the sea surface cannot be ascertained, 
although, according to oceanographic evidence, the sea surface in many 
localities is definitely sloping. Consider the fact that in the Gulf Stream 
off Cape Hatteras in latitude 36®N current velocities up to 160 cm/sec 
have been observed. From equations (VI, 13) it follows that the slope 
of the surface must be equal to 1.6 X 10“®, The current flows toward the 
northwest, and the surface therefore rises toward the southeast, the rise 
being 1.6 cm in 1 km. This elope is computed from observations of the 
currents, and cannot be measured in any manner. Direct observations 
of the pressure along the sea bottom would be of value only if the points 
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at which the pressure was observed could be joined by lines of precise 
leveling, but this is obviously impossible. 

On the other hand, it is possible to determine the field of mass in the 
sea, since the density or the specific volume of the water can be obtained 
v^ith great accuracy from observations of temperature and salinity. 
If the distribution of mass is known, the relative topogi’aphy of the isobaric 
surfaces can be derived by using the hydrostatic equation, and the cor- 
responding relative currents can be computed. 

The Field of Mass. The field of mass in the ocean is generally 
described by means of the specific volume (p. 12) : 

ots.d.p = a!36.o,p + (VI, 19) 

The field of the specific volume can be considered as composed of two 
fields — the field of q! 36 ,o.p and the field of 5. The former field is of a 
simple character. The surfaces of aj6,o,j> coincide with the isobaric 
surfaces, the deviations of which from level surfaces are so small that for 
practical purposes the surfaces of £i!a 5 ,o.p can be considered as coinciding 
with level surfaces or with surfaces of equal geometric depth. The field 
of oas.o.p can therefore be fully described by means of tables giving 
o!a8o,p as a function of pressure and giving the average relationships 
between pressure, geopotential, and geometric depths. This field can 
be consideied a constant one, and the field of mass is therefore completely 
described by means of the anomaly of the specific volume, 5, the deter- 
mination of which was discussed on p. 12. 

The field of mass can be represented by means of the topography of 
anomaly surfaces or by means of horizontal charts or vertical sections 
in which curves of 5 = constant are entered. The latter method is the 
most common. 

The density of the ocean waters generally increases with depth, and, 
therefore, the stratification is stable. The degree of stability, or, 
briefly, the stability, is evidently related to the change of density with 
depth and can be expressed as 

where Sp represents the difference in density between a small mass of water 
and its surroundings after the mass is moved adiabaticaUy through the 
vertical distance de. In the upper layers, E = IQr^jict/dz, approximately. 

With regard to the field of mass, it must be added that equipotential 
surfaces do not exist in the sea — ^that is, no surfaces exist along which 
masses of water may be moved without altering the potential energy of 
the system. The at surfaces are approximately equipotential surfaces, 
and in recent years considerable evidence has been accumulated to show 
that in the ocean lateral mixing takes place along at surfaces and that 
the direction of flow is parallel to at surfaces. 
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The Field op Pressure. If the field of mass is known, the relative 
field of pressure can be determined from the hydrostatic equation in one 
of the forms 

dp = pdD or dD = adp. 

In oceanography the latter form has been found to be the more practical, 
but all reasoning applies equally well to results deduced from the former. 
Integration of the latter form gives 

Di — Da = I a,,a,fdP‘ 

•mVi 

Because of (VI, 19), one can write 

(Di — Da), + AD = r oitsfi^fdp + f bdp, (VI, 21) 

vPl a/Pt 

where 

(Di - Da). = fj" aiM.pdp (VI, 22) 

is called the standard geopotential distance between the isobaric surfaces 
Pi and Pa, and where 

ad = £ Sdp (VI, 23) 

is called the anomaly of the geopotential distance between the isobaric 
surfaces pi and pa or, abbreviated, the geopotenhal anomaly. 

Equation (VI, 21) can be interpreted as stating that the relative 
field of pressure is composed of two fields — ^the standard field and the field 
of anomalies. The standard field can be determined once and for all, 
because the standard geopotential distance between isobaric surfaces 
represents the distance if the salinity of the sea water is constant at 
36®/oo and if the temperature is constant at 0®C. It follows that a chart 
showing the topography of one isobasic surface relative to another by 
means of the geopotential anomalies is equivalent to a chart showing the 
actual geopotential topography of one isobaric surface relative to another. 
The practical determination of the relative field of pressure is therefore 
reduced to computation and representation of the geopotential anomalies, 
but the absolute pressure field can be foimd only if one can determine 
independently the absolute topography of one isobaric surface. 

In order to evaluate equation (VI, 23) it is necessary to know the 
anomaly, 5, as a function of absolute pressure. The anomaly is computed 
from observations of temperature and salinity, but oceanographic 
observations give information about the temperature and the salinity at 
known geometrical depths below the actual sea surface, and not at known 
pressures. This difficulty can fortunately be overcome by means of an 
artificial substitution, because at any given depth the numerical value 
of the absolute pressure expressed in decibars is nearly the same as the 
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numerical value of the depth expressed in meters, aa is evident from the 
following corresponding values: 

Standard sea pressure (decibars) 1000 2000 3000 4000 5000 0000 

Approximate geometric depth (meters) 900 1975 2956 3933 4906 6876 

Thus, the numerical values of geometric depth deviate only ] or 2 per cent 
from the numerical values of the standard pressure at that depth. This 
agreement is not accidental but has been brought about by the selection 
of the practical unit of pressure, the decibar. 

Table 13 


EXAMPLE OF COMPUTATION OF ANOMALIES OF DYNAMIC DEPTH 
(Station E. W. Serippa 1-8. Lat. 32‘’67'N, Long. 122''07'W. February 17, 1938) 


Meters or 
decibars 

Temp. 

(°C) 

Salin- 

ity 

(7==) 

<r( 

10‘A..tf 

io*«... 

lO'Stf., 

lO'S 

AD 

AD 

(dynamic 

meter) 

0 

10 

14.22 

13.72 

33.25 

.24 

24.81 

.91 

316.0 

305.6 

■ 

0.3 

815 

306 

.0310 

.0459 

.0762 

.0641 

.0605 

.0890 

0815 

.0768 

.0728 

.1365 

.1240 

.1096 

.1910 

.1700 

.1620 

.1360 

.1270 

.1170 

.1070 

.4800 

.4400 

.0310 

26 

.71 

.24 

.91 

305.5 

Hi 

0.7 

306 

.0769 

60 

.35 

.30 

mm 

294.2 


1.3 

206 

.1521 

76 

9.96 

.67 

.86 

215.2 


1.6 

217 

.2162 

100 

.38 

.84 

26.17 

186,7 

BfiJ 

2.0 

187 

.2667 

150 

8.82 

.98 

.37 

166.5 

-0.3 

2.9 

169 

.3657 

200 

.48 

34.09 

.61 

163 6 


3 7 

167 

.4372 

250 

.30 

.16 

.50 

146.9 

-0.4 

4.6 

150 

.5140 

800 

7.87 

.20 

.69 

136.4 

-0.6 

6,2 

141 

.5868 

400 

.07 

.20 

Ifti] 

125.9 

-0.6 

6.4 

132 

.7233 

600 

6.14 

.26 

.97 

109,8 

-0.7 

7.2 

116 

.8473 

000 

6.61 

.36 

27.12 

95.6 

-0,8 

7.9 

103 

.9668 

800 

4.65 

.42 

.28 

80.4 

-1,0 

IHwH 

88 

1 1478 

1000 

3.99 

.44 

.3« 

72.9 

-1.2 

9.8 

82 

1,3178 

1200 

.62 

.52 

.48 

61.6 

-1.4 

■ iHH 

70 

1.470 

1400 

.07 

.54 

.64 

56,8 

-1.0 

B i]|:l 

66 

1.606 

1600 

2.69 

.66 

.59 

51.1 

-1 0 

B iXfl 

61 

1.733 

1800 

.37 

.59 

.64 

46.3 

-l.O 

10.8 

66 

1.850 

2000 

.13 

,64 

.69 

41.6 

-1.1 

10,8 

61 

1.967 

3000 

1.62 

.68 

.76 

35.0 

-1.4 

11.7 

45 

2.437 

4000 

,60 

.70 

.81 

30 2 

-1.7 

14.1 

43 

2.877 


It follows that the temperature at a pressure of WOO decibars is 
nearly equal to the temperature at a geometric depth of 990 m, or the 
temperature at the pressure of 6000 decibars is nearly equal to the tem- 
perature at a depth of 5876 m, The vertical temperature gradients 
in the ocean are small, especially at great depths, and therefore no serious 
error is introduced if, instead of using the tenjperature at 990 m when 
computing 8, one makes use of the temperature at 1000 m, and so on. 
The diffefsnce between anomalies for neighboring stations will be even 
less affected by this procedure, because within a limited area the vertical 
temperature gradients will be similar, The introduced error will be 
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nearly the same at both stations, and the difference will be an error of 
absolutely negligible amount. In practice one can therefore consider 
the numbers that represent the geometric depth in meters as representing 
absolute pressure in decibars. Interpreting the depth in meters at which 
either directly observed or interpolated values of temperatures and 
salinities are available as representing pressures in decibars, one can 
compute, by means of a few simple tables, the anomaly of specific volume 
at the given pressure. By multiplying the average anomaly of specific 
volume between two pressures by the difference in pressure in decibars 
(which is considered equal to the difference in depth in meters), one 
obtains the geopotential anomaly of the isobaric sheet in question, 
expressed in dynamic meters. By adding these geopotential anomalies, 
one can find the corresponding anomaly between any two given pressures. 
An example of a complete computation is giv^n in table 13. 

As has been repeatedly stated, these computations give information 
only for the field of pressure that is related to differences in density. 
The total field of pressure may be composed of this internal field and 
of a field that may be related to piling up or removal of mass. If actual 
piling up of water takes place, the slopes of the isobaric surfaces remain 
constant from the surface to the bottom, and this pressure field is called 
the slope field, in contrast to the internal Jield. 


Currents in Stratified Water 

Some of the outstanding relationships between the distribution of 
mass and the velocity field are brought out by considering two water 
masses of different density, p and p', where p is greater than p'. In the 
absence of currents, the boundary surface between the two water masses 
is a level surface, the water mass of the lesser density, p', lying above the 
denser water. On the other hand, if the water of density p' moves at a 
uniform velocity v' and the water of greater density moves at another 
uniform velocity u, the boundary must slope. For the sake of simplicity, 
it will be assumed that both water masses move in the direction of the 
y axis and that the acceleration of gravity, g, can be considered constant. 
The dynamic boundary condition (p. 96) then takes the form 

X(p» — p'v')dx + g{p — p')dz = 0. (VI, 24) 


From this equation one obtains the slope of the boundary surface 


. _ dz XpV— _pB 
** dx g p — p' 


(VI, 25) 


The slope of the isobaric surface is obtained from (VI, 6), which, on the 
above assumptions, gives 




X 

~g 


and 





(VI, 26) 
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The slope of the isobaric sui'facea is small compared to the slope' of the 
boundary surface, but even the latter is very small under , conditions 
encountered in the ocean. 

As an extreme case, consider two water masses, ono of salinity 
34.00°/oo and temperature 20°, and one of salinity SS.OOVoo and tempera- 



ture 10°, and assume that the velocity of the former is 0.6 m/sec. Neg- 
lecting the effect of pressure on density, one obtains: 

p' = 1.02402, p = 1.02697, v' = 50 cm/sec, a = 0. 

In latitude 40°N, where X = 0.937 X 10"* sec"* and g = 980 cm/sec®, 
formula (VI, 25) gives 

in = 1.66 X 10-»; 

that is, the boundary surface sinks 1.66 m when x, the horizontal distance, 
increases by 1 km (the positive z axis is directed downward). 

The slopes of the isobaric surfaces are much smaller. Inserting the 
numerical values in (VI, 26), one obtains 

i'p — —0.47 X 10"* and ip = 0, 

meaning that within the upper layer the isobaric surfaces rise 0.47 m on a 
horizontal distance of 100 km and that within the lower layer they are 
horizontal. The conditions are represented schematically in the block 
diagram in fig. 23, where the slope of the isobaric surfaces is greatly 
exaggerated. Actually, the lighter water extends like a thin wedge over 
the heavier water. 

As another example, ’consider the case where the currmit in the upper 
layer is limited to a band of width L. In this case, perfect static equi- 
librium must exist in the regions of no currents, and there the boundary 
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between llio two water masnea inuht b6 horizontal, but, in the region where 
the water of low density flowa with a velocity v', the boundary surface 
must slope, the steepness of the slope being determined by (VI, 25). 
These conditions are shown schematically by the block diagram in fig. 24, 
whore it is supposed that the denser water reaches the surface on the left- 
hand side of the current. This figure brings out an impoi-tant relation- 



Fig. 24. Isobario surfaeos and cunents within water that in 
part oxlcnds as a wedge over resting water of greater density. 

ship between the current and the distribution of mass: The current flows 
in such a direction that the water of low density is on the right-hand side of the 
current and the water o/ high density ^s on the left-hand side. This rule 
applies to conditions in the Northern Hemisphere, since in the Southern 
Hemisphere the water of low density will bo to the left and the water of 
high density will bo to the right. 

Practical Methods for Computing Ocean Currents 

“Relative’' Currents. As has already been stated (p. 99), oceano- 
graphic observations can give information only as to the relative topog- 
raphies, and therefore only as to the corresponding "relative" velocities. 
When using the term "relative” velocity, it should be borne in mind that 
the actual velocities (relative to the earth) are not obtained by adding a 
constant value to the “relative,” but that the value that has to be added 
in order to obtain the actual velocities varies from one vertical to another, 
depending upon the unknown slope of the isobaric siu'face that has been 
used as a reference surface. 

The contour lines of the isobaric surfaces represent the stream lines 
of the relative motion, but they are not, as a rule, identical with trajec- 
tories, even if the reference surface is level so that the computed velocities 
represent the actual motion. If such is the case, the contour lines will be 
trajectories only if the motion is stationary — ^that is, if dvx/dt = dvy/dt = 0 
(p. 93). Because it has been assumed that 0* == Uj, = 0> it follows that 
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the conditiona 


dVx . dVx fL 


dVy . dVy 




dx 


= 0 


must be fulfilled. Examination of these condition.? shows that the 
motion can be stationary only if the geopotential contour lines are 
dhected cast-west and are spaced at equal intervals. These conditiona 
are never fulfilled if a larger area is considered, for which reason the motion 
derived from the goopotential topographies of isobaric surfaces is, as a 
rule, not stationary. Thus the contour lines represent approximately 
stream lines but not trajectories. It should, furthermore, be observed 
that a current represented by equation (VI, 17) and flowing east-west is 
free from horizontal divergence; 


dVx , „ 

By ’ 


but a current that has a component toward the north or the south is not 
free from horizontal divergence and must be accompanied by vertical 
motion. 

The computation of the goopotential distances between isobaric sur- 
faces has already been discussed, and the whole problem of computing 
ocean currents would therefore be very simple if (1) simultaneous obser- 
vations of temperature and salinity at different depths wore available 
from a number of stations so that relative tojiographies could be con- 
structed, (2) accelerations could be neglected, (3) frictional forces could 
be neglected, and (4) periodic changes in the distribution of mass as 
related to internal waves were negligible. 

Simultaneous observations from a number of stations are never 
available, and the question therefore arises as to whether charts based on 
stations that have been occupied within a certain time interval can be 
considered as approximately representing a synoptic situation. This 
question can be examined by repeated surveys of the same area. Such 
surveys have shown that conditions vary in time, but so slowly that the 
main features of a certain topography are represented correctly by 
nonsimultaneous observations tW have been taken within a reasonably 
short time interval. Results of repeated surveys are found in the publi- 
cations of the U. S. Coast Guard presenting the work of the International 
Ice Patrol off the Grand Banks of Newfoundland, where a small area has 
been covered in less than a week and where cruises have been repeated at 
intervals of three to four weeks. In these intervals of time the details 
of the relative topography have changed greatly, but the main features 
have changed much more slowly. Similar surveys have been conducted 
by the Scripps Institution of Oceanography off southern California, 
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Fig. 25 shows the results of two cruisoa or the coast of southern 
California in 1940. The upper chart shows the topography of the surface 
relative to the 600-docibar suiface according to observations between 



Pig 25. Geopotential topography of the sea surface in dynamic meters referred 
to the 600-deoibar suifoce, according to observations off southern California on 
April 4 to 14, 1940 (upper), and on April 22 to May 3, 1940 (lower). 


April 4 and 14, and the lower chart shows the corresponding topography 
on April 22 to May 3. The stations upon which the charts are based are 
shown as dots. The time interval between the cruises was about sixteen 
days, and, although the main features were similar, the details were 
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greatly changed. Thus, in latitude 33°-IO'N, longiludc 120°W, the 
computed surface current on the first cruise was 3() cm/sc'c toward 
N 80°E, whereas on the second cruise it was 1 1 cin/sec toward H SC’E. 
In the time interval between the two cruises the average local acceleration 
was therefore 2.7 X 10~® cm/sec* toward S 67“W, but, compared to the 
accing forces, this is a small quantity. On the first cruise the numerical 
value of the geopotential slope of the surface was 294 X 10~® cm/sec*, 
and on the second it was 117‘X 10~® cm/sec®. The total acceleration is 
generally of the same order of magnitude as the local acceleration and 
therefore was also small. Even in these cases the stream lines of the 
flow coincided approximately with the contour lines, although the distri- 
bution of mass was changing continuously and although the combination 
of observations taken during ten days led to a somewhat distorted 
picture of the topography. 

As a rule, it can be stated that tho smaller the area the more nearly 
simultaneous must observations be in order to permit conclusions as to 
currents. On the other hand, when dealing with ocean-wide conditions, 
observations from different years can be combined. 

The second assumption, that the motion is not accelerated, is evi- 
dently not fulfilled when dealing with a smaller area within which con- 
ditions change rapidly, but according to the above numerical example no 
serious errors are introduced if one is satisfied with an approximate 
value of velocity. Tho assumption will be more closely correct when 
large-scale conditions are considered. 

The third assumption, that the frictional forces can bo disregarded, 
must also be approximately ooiTect, as is evident from agreement obtained 
between computed surface currents and surface currents that are derived 
from ships’ logs or from the results of experimentation with drift bottles. 
The fourth assumption is nearly correct when the accelerations are 
small. It can be stated, therefore, that the computations that have been 
outlined can be expected to render an approximately correct picture of 
the relative velocities which are associated with the distribution of mass. 

Slope Cubeentb. If a slope field (p. 103) exists, corresponding 
slope currents will be present and will stand in thfe same relation to the 
slope field as the “ relative ’ ' currents to the relative field. The important 
difference between the two types of currents is that a slope current is 
uniform from the sea sui'face to the bottom, whereas a relative cm’rent 
changes with depth. 

Existence of slope fields and corresponding slope currents has been 
demonstrated in such land-locked bodies of water as the Baltic Sea, and 
results of precise leveling along the North American east coast suggest 
that slope currents may be present there also. In the open oceans, 
slope currents probably do not exist, except as transitory phenomena 
caused by changing winds (p. 133). 
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Actual Currents. So far, we have considered mainly the "relative” 
currents associated with the relative field of pressure, but the ultimate 
goal must bo to determine the actual currents. The problem of deter- 
mining actual currents can be dealt with in two steps. In the first 
place, one can consider whether there are reasons to assume that thh 
actual currents arc determined completely by differences in density. If 
this question is answered in the affirmative, one can then consider what 
reference surface should be used in order to find the actual motion. 

The first question can be approached in the following manner: If the 
distribution of mass remains stationary, the fiow must always be^parallel 
to the isopycnals, because, if this condition is not fulfilled, the distri- 
bution of mass will be altered by the motion. On the assumptions made, 
the flow is always parallel to the isobars, and it follows, therefore, that 
under stationary conditions isopycnals and isobars must be parallel at 
all levels. It also follows that the isobars and isopycnals at one level 
must bo parallel to those at all other levels. This rule is identical with 
the “law of the parallel solenoids” of Helland-Hansen and Ekman. The 
motion that has to be considered when dealing with distortion of the 
field of mass depends, however, on the total field of pressure, and this 
total field must evidently have the same geometrical shape as the internal 
field if the law of the parallel solenoid shall be fulfilled. The total field 
is composed of the internal and the slope fields (p. 103), and consequently 
these fields must coincide if the law of the parallel solenoids shall be 
fulfilled. It is very unlikely, however, that a slope field of such character 
develops, for which reason parallel isopycnals and isobars strongly 
indicate that a slope field is absent. 

The study of large-scale conditions in the ocean has shown that over 
large areas the isotherms, isohalines, and, consequently, the isopycnals 
are parallel at different levels and that their direction coincides with the 
direction of the relative isobars or the contour lines of the isobaric 
surfaces. This empirical result strongly supports the view that the large- 
scale currents are largely determined by the internal distribution of mass. 
Even in small areas a similar arrangement is often found, but many 
exceptions are encountered there which clearly demonstrate that station- 
ary conditions do not exist, and which may be interpreted as indicating 
that the currents are not determined entirely by the distribution of mass. 

The next question that arises is whether it is possible in the ocean to 
determine a surface along which the velocity is zero, so that actual 
velocities are found when the "relative” motion is referred to this surface. 
Such a surface need not be an isobaric surface but may have any shape. 

One school of oceanographers points out that the deep waters of the 
oceans are nearly uniform and that the isopycnal surfaces there are 
nearly horizontal. It is therefore assumed that in the deep water 
the isobaric surfaces are also nearly horizontal and that actual currents 
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are found if the reference level is placed at a bufficieiitly great depth. 
This method is useful if a study of the water masses bubstanLiatos the 
view that the motion of the deep water is negligible. 

A second school of oceanographers claims that the distribution of 
dxygen in the ocean must be closely related to the type of motion, and 
especially that the layer or layers of minimum oxygen content that are 
found over large areas must represent layers of minimum horizontal 
motion, but this concept is finding a more and more limited application. 

A third method has been employed by Defant, who points out that in 
the Atlantic Ocean the relative distances between isobaric surfaces 
remain nearly constant within certain intervals of depth. He assumes 
that a surface of no motion lies within this interval, and arrives in this 
manner at a consistent picture of the shape of the reference surface in the 
Atlantic and at results which are in gqod agreement with those obtained 
by considering the equation of continuity. 

A fourth method is based on the equation of continuity, but this 
method has so far been little used because it requires comprehensive data. 
The application can be illustrated by considering the currents of such an 
ocean as the South Atlantic. It is evident that the net transport of 
water (p. 115) through any cross section of the South Atlantic between 
South Africa and South America must be zero, because water cannot 
permanently be removed from the North Atlantic or be accumulated in 
that ocean, which is practically a closed bay. In the South Atlantic a 
surface of no motion must therefore be selected in which the flow to the 
north above that surface equals the flow to the south below the same 
surface (p. 110). Similarly the surface of no motion has to be selected 
in other regions in such a manner that one arrives at a consistent picture 
of the currents, taking into account the continuity of the system and 
the fact that subsurface water masses retain their character over long 
distances. Examples of such pictures are shown in flgs. 42 and 56. 

In many regions the surface of no motion does not coincide with a 
level surface, and in these cases the topographies of isobaric surfaces have 
to be constracted stepwise by considering that the isobaric surfaces must 
be horizontal where they cross the surface of no motion. 

From the many reservations made, it may appear that the compu- 
tations reach only rough approximations to the actual conditions. How- 
ever, in many instances in which comparisons are possible it has been 
found that the computed currents do not deviate much from the observed 
ones. As an example, in fig. 26 a comparison is shown between the 
velocities of the current through the Straits of Florida according to 
Wtist's computations and according to Pillsbury’s detailed observations 
in the 1880’e. The observed distribution of temperature and salinity 
N^nd the corresponding currents are shown in parts A, B, and 0, and in 
part D are shown the observed currents. The agreement is striking. 
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An example of the practical application of the methods is presented by 
the work of the International Tee Patrol, which is conducted by the TJ. S. 
Coast Guard, Oceanographic work off the Grand Banks of Newfound- 
land is carried out by a vessel of the U. S. Coast Guard in March and 
April, and on the basis of the observed temperatures and salinities 
between the surface and a depth of 1000 m the geopotential topography 




Fig. 26. Left: Observed temperatures and salinities in the Straits of Florida. 
BigM: Velocities of the current through the Straits according to direct measurements 
and aocordmg to computations based on the distributions of temperature and salinity 
(after WiJst). 

of the surface relative to the 1000-decibar surface is computed. Assum- 
ing that the flow follows the contour lines, the direction and speed of 
drifting icebergs are computed and warnings are issued to shipping. The 
method has proved sufficiently successful to warrant the extensive work 
year after year. In other regions in which computed currents have been 
compared to surface currents that have been derived from ship’s obser- 
vations or from the results of experiments with drift bottles, satisfactory 
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agreement has been obtained Thus, in spite of delieieneies of the 
method the coinpui ation of eurrents is a most useful tool in oceanography. 

Bjerknes’ Theorem of Circulation. The general formula for 
computing ocean currents from the slope of the isobaric surfaces, v = 
—gi/\, was derived by H. Mohn in 1885, but at the time when Mohn 
presented his theory the oceanographic observations were not sufficiently 
accurate for computation of the relative field of pressure. Owing to 
these circumstances and others depending on certain characteristics of 
the theory, Mohn’s formula received no attention. The corresponding 
formula for computation of currents associated with the relative distri- 
bution of pressure, 

Cl - a* = 10 > (VI, 27) 

was derived independently by Helland-Hansen from V. Bjerknes' 
theorem of circulation. 

Bjerknes makes use of the terra “circulation along a closed curve.” 
Consider a closed curve that is formed by moving particles of fluid. The 
velocity of each particle has the component vt tangential to the purve c, 
and the integral of all the.so components along the entire curve represents 
the circulation along the curve: C = /« Vrda. 

The time change of the circulation, if friction is neglected, can easily 
be found from the equations of motion, because 

^ “ Jc “ fe (VI, 28) 

Comsider first conditions in a coordinate system that is at rest and 
assume that gravity is the only external force. The integral of the 
component of gravity along a closed ouive is always zero, because it 
represents the work performed against gravity when moving a particle 
along a certain path back to the starting point. There remains tWefore 
only 

(? = - J] adp = iV. (VI, 29) 

The integral on the right-hand side is zero only if the specific volume is 
constant along the cm-ve or is a function of pressure only. In these 
cases no internal field of force exists, and the theorem states that the 
circulation along a closed curve is constant if the fluid is homogeneous or 
if isosteric surfaces coincide with isobaric surfaces. If the isosteric 
surfaces cut the isobaric surfaces, the space can be considered as filled 
by tubes, the walls of which are formed by isosteric and isobaric surfaces. 
If these are entered with unit difference in specific volume and pressure, 
respectively, the tubes are called solerunds. It can be shown that the 
integral in equation (VI, 29) is equal to the number of solenoids, JV, 
enclosed by the curve. Consider now a curve that runs vertically down 
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to the isobaric surface p = pa, and finally along this surface back to the 
starting point (fig. 27). Along the isobaric surfaces, dp ~ 0, and 
therefore 

AT = - Jadp = [( - £\dp\ + (- Xr«dp)J 

= 10 {Da - Db). (VI, 30) 

If circulation relative to the earth, is considered, the deflecting force 
has to be taken into account. Accord- 
ing to Bjerknes, this is represented by 

= - £adp- 2QS, (VI, 31) 

where S represents the projection on 
the equatorial plane of the area that 
is enclosed by the curve c, and a, as 
before, means the angular velocity of 
rotation of the earth. 

Consider the same curve as before, 
and assume that the upper lino, p = pi, 
moves at a velocity Vi at right angles 
to the line A-B, whereas the lower Fig 27. Location in the pressure 

line, p = Pa, moves at a velocity Va, of a curve along which the time 

and let the distance A^B be called change of circulation is examined. 

L. Then the time change of the projection on the equator plane is 

L Bin ip 

Assume now that the circulation is constant {6 = 0). It then 
follows that the velocity difference vi — va must be expressed by the 
equation 

= (VI. 32) 

This is the equation for computing “relative” currents which Helland- 
Hansen derived from the theorem of circulation, assuming stationary 
conditions and neglecting friction, and which can be arrived at on the 
basis of more elementary consideration (VI, 17).* 

The complete theorem of circulation contains a great deal more than 
the simple statement expressed by equation (VI, 32), but so far it has 
not been possible to make greater use in oceanography of Bjerknes’ 

"■ In the literature, some confusion exists as to the signs in these equations. The 
above signs are consistent with the coordinates used. The "relative" velocity » 
positive — ^that is, the "relative” current is directed away from the reader if A hes to 
the right of S and if i>.i is greater than Da. 
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elegant formulation of one of the fundamental laws governing the motion 
of nonhomogeneous fluids. 

Transport by Currents. The volume transport by hoiizontal 
currents has the components 

Tx = Vx dz and Ty » Vy dz, (VI, 33) 

and the mass transport has the components 

Mx = P Vx dz and My == p Vy dz, (VI, 34) 


where d is the depth to the bottom. 

The actual volume transport can be computed only if the actual 
velocities are known, but the volume transport by “relative” currents 
can be derived from the distribution of mass. By means of equations 
(VI, 17) and (VI, 23) one obtains 


Tx ^ 




and 


Ty^ 


10 C^diJ) 
X Jo dx 


dz. 


(VI, 36) 


Introducing the equation for AD (VI, 23) and writing, in accordance with 
JakheUn, 




one obtains 


X dy 


and 


Ty 


X dx 


(VI, 36) 


The quantity Q is easily computed, because AD is always determined 
if velocities are to be represented. 

In practice the numbers that represent the geometric depths are also 
considered as representing the pressures in decibars (p. 102). When 
computing Q the integration is therefore carried to the pressure p decibars 
and the depth d meters, which are both expressed by the same number, 
but a small systematic error is thereby introduced. JakheUn has 
examined this error and has shown that the customary procedure leads to 
Q values that are systematically 1 per cent too smaU, but this error is 
negligible. 

Curves of equal values of Q can be drawn on a chart, and these curves 
will bear the same relation to the “relative” volume transport that the 
curves of AD bear to the “relative” velocity, provided that the deri- 
vations of Q are taken as positive in the direction of decrease. Therefore 
the direction of the volume transport above the depth to which the 
Q values are referred will be parallel to the Q lines, and numerical values 
will be proportional to the gradient of the Q lines. The factor of pro- 
portionality will depend upon the latitude, however, and, between two 
parallel Q lines that indicate transport to the north, the transport will 
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decrease in the direction of flow, whereas, between two parallel Q lines 
indicating transport to the south, the transport will decrease in the 
direction of flow. Taking this fact into account, one cail construct 
curves between which the transport is constant, but these curves will 
no longer be exactly parallel to the diiection of the transport. Within 
a small area the deviation will be imperceptible, but within a largei 
area it will be considerable. 

Between two stations A and B (A lying to the right) at distance L 
the volume transport is 

T = L j\dz = Y - AI>j,)d8. (VI, 37) 


Thus, the volume transport between two stations depends only on the 


geopotential anomalies at the two stations. It is independent of the 


distance between the stations, 
and it is also independent of 
the distribution of mass in the 
interval between the stations. 

It is not necessary to de- 
velop corresponding equations 
for the wMMstransport, because 
this can be derived with suffi- 
cient accuracy from the volume 
transport by multiplication 
with an average density. 

A consideration of com- 
puted transport and of the 
continuity of the system is 
helpful under certain condi- 
tions in separating currents 
flowing one above the other. 
The average transport through 



a vertical section that reptresents Fig- 28, Determination of the depth above 

“id bslow wluoh the transpoit between two 
the opemng to a basm must A and B, is equal. 

be zero, because water cannot 

accumulate in the basin, nor can it continue to flow out of the basin. 


Observations at stations at the two sides of such a section may, however. 


show transport in or out if the velocity along the bottom is assumed to be 
zero. If such is the case, the assumption is wrong, and a depth of no 
motion must be determined in such a manner that the transports above 


and below that depth are equal. This can be done by plotting the differ- 
ence ADa — ADb against depth, computing the average value of the 
difference between the surface and the bottom, and reading from the 
curve the depth at which that average value is found. This depth is then 
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the average doptli of no motion, and the transports above and below that 
depth aie in opposite directions. 

The procedure is illustrated in fig. 28, in which is plotted the difference 
AD A. — ADb at Meteor station 36 off South America and stittion 23 off 
South Afiica, both in about latitude 29®S. Assuming no current at a 
depth of 3500 m, one would obtain a transport to the north proportional 
to the area ABC, or equal to 41.5 million mV&ec. Such a transport to 
the north is impossible, and the velocity must therefoie be zero at some 
other depth. The average value of AD a — ADa is 0.090 dynamic meters, 
and this value is found at a depth of 1325 m. If this depth is selected 
as a depth of no motion, the transport to the north becomes proportional 
to the area DBE and is equal to 20.7 million m'/sec; below 1325 m the 
transport is directed to the south, is proportional to the area ECF, and 
is also equal to 20.7 million m’/scc. The transport above the depth of no 
motion can bo written in the form 

where d is the depth above which the transport was first calculated and h 
is the depth of no motion. 

Only the average depth of no motion can be determined in this manner; 
generally, the depth of no motion is not constant, but a variation in depth 
can be found by studying the distribution of temperature and salinity 
in the section. It is rational to assume that a surface of no motion 
coincides with isothermal and isohaline surfaces, and that therefore, in 
a section, the depth of no motion follows the isotherms and isohalincs. 
On that assumption one finds that in the example which has been dis- 
cussed the depth of no motion rises from about 1450 m off South America 
to about 1200 m off South Africa. 

In conclusion it is necessary to emphasize that, so far, nothing has 
been sMed as to cawe or effect. It is obvious that all the equations 
which have been used state only that, on the assumptions made, a definite 
relationship exists between the currents and the distribution of mass. 
In order to discuss the cause of the, ocean currents, it is necessary to 
examine the manner in which the distribution of mass is maintained. 
It is found that the distribution of mass is controlled by processes of 
radiation at the sea surface, the exchange of heat v(ith the atmosphere, 
the evaporation from the sea surface, and the character of the prevailing 
winds. The processes of heating and cooling are all important in estab- 
lishing and maintaining differences in density, but the wind renders the 
energy that is needed for maintaiaing the circulation. In contrast to the 
atmosphere the ocean is an inefficient thermodynamic machine that 
converts very small amounts of heat to kinetic energy. 



CHAPTER VII 


Wind Currents and Wind Waves 


Frictional Forces 


In the discussion of the currents related to the distribution of mass, 
frictional forces were disregarded, but they must be taken into account 
when considering the effect of the wind. 

Two of the fundamental concepts concerning friction in a fluid are (1) 
that shearing stresses ai’e produced when layers arc slipping relative to 
each other, and (2) that the shearing stresses acting on a unit area are 
proportional to the rate of shear normal to the surface on which the stress 
is exerted. Thus the horizontal stress parallel to the a: axis is t* = tt/dv^/ ds, 
where the factor of proportionality, ix, is the dynamic viscosity of the 
fluid. The quantity v - y.Jp is the kinematic viscosity. 

Frictional forces per unit volume are equal to the difference between 
shearing stresses exerted on opposite sides of a cube of unit dimensions. 
Introducing differentials, one obtains the » component of the frictional 
force per unit volume: 




_ ^ _ dh, 
~ de ^ dz^’ 


(VII. 1) 


if ju is a constant. 

In classical hydrodynamics the dynamic viscosity, n, is considered to 
be a characteristic property of the fluid — ^namely, the property that 
resists angular deformation. Being a characteristic property, the magni- 
tude of M is independent of the state of motion, but as a rule it varies with 
the temperature of the fluid. Within wide limits it is independent of the 
pressure. 

In a fluid in turbulent motion, much larger shearing stresses develop 
(Reynold’s stresses) which are related to transport of momentum that -is 
caused by irregular exchange of mass between neighboring layers moving 
with different mean velocities. If the horizontal components of the mean 
velocities are called S* and v^, the components of the Reynold’s stresses are 

dvx j dHt 

= and 
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The coefficient ju« has the same dimensions as the dynamic viscosity 
ju, and is called the eddy viscosity. However, a fundamental difference 
exists between the two quantities. The dynamic viscosity is independent 
of the state of motion and is a characteristic property of the fluid, com- 
parable to the elasticity of a solid body, but the eddy viscosity depends 
upon the state of motion and is not a characteristic physical property of 
the fluid. The numerical value of the eddy viscosity varies within very 
wide limits, according to the type of motion, and, as far as ocean currents 
are concerned, only the order of magnitude of /t, has been ascertained 
(table 1, p. 23). 

In the theory of turbulence the concept of the mixing length has played 
a prominent part. This length can be defined as the average distance 
wUch the small masses travel before they attain the momentum of their 
surroundings. According to Prandtl's theory the relation between 
mixing length, I, and eddy viscosity can be written 

= (VII, 2) 


According to von Kdrmdn’s general statistical theory. 



(VII, 3) 


where /co is a nondimensional universal constant that has been found equal 
to nearly 0.4. 

So far, only horizontal shearing stresses have been considered, but 
recently evidence has been accumulated showing that in the ocean ver- 
tical shearing stresses also exist. It has been found that coefficients of 
horizontal mixing must be introduced which are so great that the corre- 
sponding stresses cannot be neglected (table 3, p. 26). 

In dealing with wind currente, only the terms related to vertical 
TOiving have been considered, but it is probable that a complete theory of 
the dynamics of ocean currents cannot be developed without taking 
horizontal mixing into account. 


The Stress of the Wind 

Methods used in fluid mechanics for studying frictional stresses at 
solid boundary surfaces can be applied, as was first shown by Rossby, 
in eva m jnmg the stress that the wind exerts on the sea surface. Over an 
absolutely smooth surface the flow will generally be laminar within a very 
thin layer near the surface — tho laminar boundary layer. Above th^ 
layer, the thickness of which is a small fraction of a centimeter, turbulent 
motion exists. On the assumption that near the boundary surface the 
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stress, To, is practically independent of the distance from the surface, 
von Kdrmdn showed that the mixing length, I, increases linearly with 
increasing distance from the surface: I = A 02 , where ko = 0.4, and that 
the relation between the velocity distribution in the turbulent region 
and the stress can be written in the form 


= 6.5 + 5.75 log ^ . fe (VII, 4) 

/to M \ P 

\ P 

where n is the dynamic viscosity. Applied to the sea surface, the theorem 
shows that, if a laminar boundary layer exists, the stress in the lowest 
layers, which must equal tho stress against the sea surface, could be 
derived from a single measurement of the wind velocity, W, at a short 
distance, 2 , from the sea surface. Measurements at two or more levels 
would have to render the same value of the stress, and the observed 
velocities would have to be a linear function of the logarithm of the 
distance. 

Over a roiigh surface, different conditions are encountered. Prandtl 
assumes that then the turbulent motion extends to the very suiface, 
meaning that the mixing length has a definite value at the surface itself : 


I = fco(« + »o), 


(VII, 6) 


where 20 is called the roughness length and is related to the average height 
of the roughness elements. According to Prandtl the eddy viscosity, 
fi,, is expressed by (VII, 2). Therefore, 


or 


dW 

T, = p.-^ 


pkt*{is 4- jSi,)* 



dW ^ 1 Ito 

dz “ ko(z + 2o) V P 


and 


ft, = pko(is + 



Through integration, assuming ko = 0.4 and W 
ducing base-10 logarithms, one obtains 


and 



0 at 2 


0, and intro- 

(VII, 6) 
(VII, 7) 


Measurements of the wind velocity of two distances are needed in 
order to determine both to and 20 , and measurements at three or more 
levels are necessary in order to test the validity of the equation. 
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From wind measvireraonts at different dibtanees above the tea svivtace 
eoiiduetedby Wust, Rossby and Montgomeiy concluded tlial at inotleiale 
wind velocities the sea surface has the chaiacicr of a loiigh builaee with 
roufthneiss length 0.6 cm. From a general theory of the wind profile in I he 
lower pait of the atmosphere, Rossby later devclopoil formulas that 
permit computation of 20 from the angle between the surface wind and 
the gradient wmd, or from the ratio between surface wdnd velocity and 
gradient wind velocity. When applying these formulas to observed 
values from the ocean, Ros&by found that at moderate and strong winds 
the roughness length is independent of the wind velocity and is equal to 
0.6 cm. With this value of 20 , one obtains from formula (VII, 7) 

TO == 2.6 X 10-»P«Wi*5, (VII, 8) 


where p„ is the density of the air and Wu is the wind velocity 15 m above 
the sea surface. 

As early as 1906, Ekman derived a similar expression by an entirely 
different approach, which will be explained on p. 122. Ekraan’s con- 
clusions have been confirmed by the recent studies of Palmdn and Lauriln, 
but all results apply to the stresses exerted by moderate or strong winds. 

At low wind velocities, somewhat different conditions appear to 
prevail. From his analyses, Rossby concludes that at low wind velocities 
the sea surface has the character of a smooth surface, because the wind 
profiles indicate the existence of a laminar sublayer. At low wind veloci- 
ties the stress would therefore be computed from equation (VII, 4), 
leading to values which are about one thhd of the values obtained on the 
assumption that the surface is rough. 


Tabu3 14 


STRESS OF THE WIND (G/CM/SEC») CORRESPONDING TO STATED 
WIND VELOCITIES (IN M/SEC) AT A HEIGHT OP 16 M AND ASSUM- 
ING THE SURFACE TO BE SMOOTH OR ROUGH (ROUGHNESS 
LENGTH, 0 6 CM) 


Wmd velocity m m/seo at 16 m 


Surface j 

2 

4 1 

6 

8 

10 

12 

14 

16 

18 

"Smooth” 

0 04 

0 18 

0.34 

(0 58) 






"Rough” 

(0 11) 

(0.45) 

(1.01) 

1 81 

2 83 

4 00 

6 66 

7 25 

9 20 


Table 14 shows the values of the stress corresponding to a smooth 
surface or a rough surface characterized by 20 = 0.6 cm. It is evident 
that, if the sea surface con be considered smooth at wind velocities below 
6 or 7 m/sec, this limit is of little sigmficance, but the above conclusions 
need to be confirmed by many more data. The problem of the stress 
of the wind still deserves great attention; it fs particularly desirable to 
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obtain more measurements of wind profiles, because results in fluid 
mechanics can be successfully applied in the study of such profiles. 

The theoretical equations for the relations between stress and wind 
velocity are valid only if the stability of the air is nearly indifferent. 
Under stable or unstable conditions the wind profile and the relation 
between wind and stress will be altered. A study of wind profiles at 
different stabilities of the air is therrfore of great interest. 


Piling Up of Water Due to the Stress of the Wind 

At the sea surface the stress that the wind exerts on the water, ra, 
must balance the stress that the water exerts on the air. The latter has 
the components /i.,o(dui/da)o and Ht,a(dUf/dz)o, where now means the 
eddy viscosity of the water. Therefore, 


This relation is useful in a study of the effect of wind based on the equa- 
tions of motion of the water. Including the terms that determine friction 
due to vertical turbulence and assuming that acceleration can be neg- 
lected, the equations of motion take the form 


Xp»y + gpip.n + ^ (m. = 0, 

-Xp», + gpiv.v + ^ (m. = 0. 


(VII, 10) 


Here the geometric slopes of the isobaric surfaces are introduced. Inte- 
grating the equations between the surface and the bottom and considering 
that the stress, ra, which the current exerts on the bottom has the 
components 

Td.a = and Td,„ = ii,,a{dvy/dz), 

one obtains 

To.t 4" Td,» = — X ^ pt)y<fe gpflp,3^, 
ra,y + ra,v = X jj pvjiz — gpip.ydg. 

Consider next a channel which is so narrow that transverse motion 
can be neglected, and place the a; axis in the direction of the channel 
(vy — 0). Assume furthermore that the water is homogeneous, so that 
the inclination of the isobaric surface is independent of depth. The first 
of the above equations is then reduced to 

Tfl,. + Td,. = ~gpiv.^i CVIIj 12) 

that is, the stresses acting in the direction of the channel at the upper and 


(VII, 11) 

(VII, 12) 
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lower surfaces of the body of water are balanced by the component of 
gravity acting on the entire body of water (fig. 29). 

This is the relation that Ekman used for determining the stress of 
the wind. Studying sea levels recorded during a storm in 1872 at a 
number of stations along the shores of the Baltic Sea, Colding found 
that the lines of equal sea level were nearly perpendicular to the wind 
^ direction, and that the relation between wind velocity, 
W, depth, d, and slope of the sea surface, i, could be 
expressed by the equation 

Jj = 4.8 X 10-»1P, 

Eg where depth is in centimeters and wind velocity in cen- 

Eg timeters per second. Ekman showed that the value 

of Td probably lies between 0 and t*. Assuming 
\ § i u — iira,hs obtained 

\|| T„ *= 3.2 X 10-W2, 

-jA Ei i Of) introducing the density of the air, p« = 1.26 X 10"*, 

" Ta = 2.6 X 10-«p,W». 

\ From observations during astorminthe Gulf of Bothnia 

\ in 1936, Palmdn and Laurila obtained similarly 

\ T» « 2.4 X 10-Sp.F*, 

and they consider this formula valid at wind velocities 
Pig. 29. Sche- between 10 and 26 m/sec. These results are in very 
agreement with Rossby's formula (VII, 8). 
stresses acting at Changes in sea level due to the direct effect of the 
the upper and lo^ stress of the wind are common in such shallow and 
of water^balano^ enclosed areas as the Baltic Sea and the Gulf of 
against the ooDipo> Bothnia, and are often observed in shallow lakes. On 
nent of gravity open coasts where shtdlow waters extend to appreciable 
body!°" <^iia'hoes, similar piling up of water may take place 
during violent storms, causing wide inundation of 
low-lying areas. For instance, this took place during the hurricane of 
Galveston in 1900 and the hurricane of New England in 1938. 

The above equations are not applicable to conditions in the open 
ocean, because there the density varies with depth and therefore the slopes 
of the isobaric surfaces vary. When dealing with the open ocean, it is 
more convenient to introduce the geopotential slope of the isobaric sur- 
faces and write (VII, 13) in the form 


Fig. 29. Sche- 
matic representa- 
tiou showing the 
stresses actuig at 
the upper and lower 
surfaces of a body 
of water balanced 
against the compo- 
nent of gravity 
acting on the en- 
tire water body. 

low-lying areas. 




dAB , 
p— j— os. 


(VII, 14) 
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The stress against the bottom, ra, has been neglected, because in the open 
ocean the velocities at great depths are negligible. In the ocean, slopes 
produced by the wind can be recognized, because the wind leads to a 
piling up of the lighter surface water. Thus, Montgomery and Palm^n 
have shown that the trade winds of the North Atlantic and the North 
Pacific lead to a piling up of the warmer and lighter water masses against 
the western boundaries of the oceans. In the Atlantic Ocean the effect 
reaches to a depth of 150 m, and in the Pacific to a depth of 300 m. 
Below these depths the isobarie surfaces are horizontal, but above they 
are inclined, sloping from west to east, so that the trade winds actually 
blow uphill, but the slopes are small and decrease rapidly with depth. 
In the Atlantic the slope of the sea surface is 3.8 X lO"®, and in the Pacific 
it is 4.5 X 10“*. It appears that only part of the wind stresses are 
balanced against the slope, so that the complete equation (YII, 12) must 
be considered if the total effect of the wind is to be discussed. 

In the calm belt between the trade-wind regions, no stress is exerted 
on the surface. Here the water must fiow downhill as a countercurrent 
flowing toward the east between the west-flowing currents of the trade- 
wind regions. These equatorial countercurrents are completely reflected 
in the distribution of mass. Where they are located in the Northern 
Hemisphere the lighter water lies on the right-hand side and the denser 
water on the left-hand side of the current. This is a striking example 
of a case in which the distribution of mass is maintained by the current, 
and not vice versa. 


Wind Currents In Homogeneous Water 
In homogeneous water where no piling up of water takes place, equa- 
tion (VII, 12) is reduced to 

Ufa = ^ Ta.v and My = ~ ^ ’’«.»> (VII, 15) 

provided that no stress is exerted against the bottom. Here Mg and My 
represent the components of the mass transport between the surface and 
the bottom (p. 114), and the equations state that, regardless of the chaiv 
acter of the viscosity, the total transport due to the stress of the wind is 
directed at right angles to the stress, in the Northern Hemisphere to the 
right, in the Southern Hemisphere to the left. 

In order to examine the character of the wind currents, it is necessary 
to return to the equations of motion, which, on the above assumption, 
are reduced to 


(VII, 16) 
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These equations were first integrated by Ekman, on the aasumption that 
the eddy viscosity is a constant. Ekman undertook the mathematical 
analysis on the suggestion of Fridtjof Nansen, who, during the drift of the 
Fram across the Polar Sea in 1893-1896, had observed that the ice diift 
deviated 20 to 40 degrees to the right of the wind, and had attiibuted this 
deviation to the effect of the earth’s rotation. Nansen further reasoned 
that, in a similar manner, the direction of the motion of each water layer 
must deviate to the right of the direction of movement of the overlying 
water layer, because it is swept on by this layer much as the ice which 
covers the surface is swept on by the wind; therefore, at some depth the 
current would run in a direction opposite to the surface flow. Nansen’s 
conclusions were fully confirmed by mathematical treatment. 

Assuming that the eddy viscosity is independent of depth, the equa- 
tions can be directly integrated. If 

D-r^, (VII, 17) 

the result is 

= Cie®* cos (-K 8 + Cl) 4- Cafi cos f ^ z + CjY 

Tr \ 

Vy = Cie^‘ sin ( g « + ®i) •" ( S * + 


where Ci, 0%, Ci, and Cj are constants that must be determined by means of 
the boundary conditions. 

In this form the result is applicable to conditions in the Northern 
Hemisphere only, because in the Southern Hemisphere sin is negative, 
wherefore D is imaginary. In order to obtain a solution that is valid 
in the Southern Hemisphere, the direction of the positive y axis must be 
reversed. 

The solution takes the simplest form if the depth to the bottom is so 
great that one can assume no motion near the bottom, because then Ci 
must be zero. Assuming, furthermore, that the stress of the wind, r«, 
is directed along the y axis, one has 



from which equations Ci and c* can be determined, 
at the surface vo, one obtains 



, To 2 zto 

f|0 ast - ' . sat 

V mAp Pxp V2 


Calling the velocity 


(VII, 19) 
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Therefore, the wind current is directed 45 degrees cum sole from the 
direction of the wind. The angle of deflection increases regularly with 
depth, so that at the depth z = D the current is directed opposite to the 
surface current. The velocity decreases regularly with increasmg depth, 
and z ~ D is equal to tim^ the surface velocity, or one twenty*- 
third of the value at the surface. By far the more important velocities 
occur above the depth z = D, and Ekman has therefore called this depth 
“the depth of frictional resistance.” It should be observed, however, 
that according to this solution 
the velocity of the wind cur- 
rent never becomes zero, but 
approaches zero asjnmptoti- 
cally, being practically zero 
below z ~ D. 

A schematic representation 
of the pure wind cuirent is 
given in fig. 30. The broad 
arrows represent the velocities 
at depths of equal intervals. 

Together they form a spiral 
staircase, the steps of which 
rapidly decrease in width as 
they proceed downward. Pro- 
jected on a horizontal plane, 
the end points of the vectors 
lie on a logarithmic spiral. 

The average deflection of 
the wind current from the di- 
rection of the wind has been 
examined (Krummel) and 
found to be about 46° cum aoh from the wind direction, independent of 
latitude, in agreement with Ekman’s theory. 

The ratio between the velocity of the wind and that of the surface 
current, which Thorade has called the mnd factor, depends upon the 
stress of the wind and upon the value of the eddy viscosity — ^that is, 
upon D. The stress of the wind is proportional to the square of the 
wind velocity, W\', that is, To = 3.2 X 10“W“ (p. 120), li^here W is 
measured in centimeters per second. Introducing this value into 
(VIT, 19), one obtains, with X = 20 sin ip, 

n _ 7r3.2 X 10-”F 

^ DpQ sin <p •%/§ 

On the basis of observations by Mohn and Nansen, Ekman derived the 
empirical relation 



Pig. 30. Schematic representation of a 
wind current in deep water, showing the 
decrease m velocity and change of direction at 
regular intervals of depth (the Ekman spiral) 
W indicates direction of wind. 
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from which follows 


Vo ^ 0.0127 
W Vsin V 


D = 


7.6 


W 

"V/sin V 


(VII, 20) 

(VII, 21) 


and this value is in fair agreement with observed values of the upper 
homogeneous layer in the sea that is interpreted as the layer which is 
stirred up by the wind. At wind velocities below 3 Beaufort (about 
6m/sec) the above formula, according to Thorade, should be replaced by 


3.67 VF~» 
Vsin <P 


(VII, 22) 


The last two formulas give the depth of frictional resistance in meters for 
wind velocities in meters per second. The latter formula gives smaller 
values of D than Ekman’s formula when the wind velocity is below 4.3 
m/seo, perhaps because the stress of the wind is relatively smaller at low 
wind velocities (p. 120). 

From equations (VII, 17), (VII, 21), and (VII, 22), one obtains (see 
table 1, p. 23) 

= 1.02 m/sec), 

M. = 4.3 (IV > 6 m/sec). 


From these relations the following corresponding values are computed: 

Wind velocity (m/eeo) . . . 2 4 6 8 iO 16 20 

ju. (g om/aec) . . 8 65 (218) 376 430 970 1720 

Rossby and Montgomery have developed a new theory of the wind 
currents by introducing an eddy viscosity depending upon a mixing 
length that is small near the surface, increases to a maximum at a short 
distance below the surface, and then decreases linearly to zero at the 
lower boundary of the wind-stirred layer. The variation with depth 
of the mixing length is assumed to be entirely determined by means of 
dimensionless numerical constants. The theory leads to a series of 
complicated expressions for the angle between surface current and stress, 
the wind factor, and the depth of the wind current. These quantities all 
depend both on latitude and on wind velocity. Rossby and Montgomery 
give their final results in the form of tables, according to which the deflec- 
tion of the wind current in latitude 5“ increases from 35 degrees at a wind 
velocity of 6 m/sec to 43 degrees at a wind of 20 m/sec, and in latitude 60“ 
from 42 to 62.7 degrees. In the same latitude the wind factors decrease 
from 0.0317 at a wind velocity of 5 m/sec to 0.0266 at a velocity of 
20 m/sec and from 0.0273 to 0.0228, respectively. 
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According to Ekman’s theory the angle should remain constant at 
45 degrees, and the wind factor, according to the empirical results that he 
used, should be equal to 0.025 in latitude 15® and 0 0136 in latitude 60®. 
Rossby and Montgomery point out that the wind factor depends upon 
the depth at which the wind current is measured. Their theoretical 
values apply to the current at the very surface, but wind currents derived 
from ships’ logs will apply to a depth of 2 or 3 m, depending upon the 
draft of the vessel. At this depth, their theory gives a wind factor in 
better agreement with Ekman’s value, and they show that their theoretical 
conclusions are in fair agreement with empirical results. However, the 
introduction of an eddy viscosity that decreases to zero at the lower limit 
of the wind-stirred layer is justifiable only if no other currents ai’e present. 
In the presence of other currents, such as tidal currents or currents related 
to distribution of mass, the eddy viscosity characteristic of the total 
motion must be introduced, and the variation of this eddy viscosity 
probably depends more upon the stability of the stratification than upon 
the geometric distance from the free surface. A theory of the wind 
currents must take this fact into account, and cannot be developed until 
more is known of the actual character of the turbulence. At present, 
Ekman’s classical theory appears to give a satisfactory approximation, 
especially because no observations are as yet available by means of which 
the results of a refined theory can be tested. 

So far, it has been assumed that the depth of the water is great com- 
pared to the depth of frictional resistance. Ekman has also examined the 
wind currents in shallow water and has determined the constants in 
(VII, 18) by assu ming that at the bottom the velocity is zero. This 
analysis leads to the result that in shallow water the. deflection of the 
surface current is less than 45 degrees and the turning with depth is 
slower. In very shallow water the current flows nearly in the direction 
of the stress at all depths. 

The assumption of an eddy viscosity that is independent of depth is 
not valid, however, if the water is shallow, because the eddy viscosity 
must be very gmall near the bottom, regardless of the character of the 
current. The effect of a decrease of the eddy viscosity toward the 
bottom is generally that the angle between wind and current becomes 
greater at all depths and that the current velocities become greater. This 
is illustrated by Sverdrup’s measurements of wind currents on the North 
Shfllf in latitude 76®35'N, longitude 138®24'E, where the depth to the 
bottom was 22 m. From these observations, Fjeldstad found that the 
eddy viscosity could be represented by the formula 



where the distance z from the bottom is in meters. Fig. 31 shows the 
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observed velocities and llie corresponding velocities computed with 
Fjeldstad’s equations and with Ekman’s equations, assuming a constant 
value of lie equal to 200. 

The question of the time needed for establishing the assumed sta- 
tionary conditions has also 
been examined by Ekman, who 
has made use of a solution 
given by Fredholm foi the case 
in which a wind suddenly be- 
gins to blow with a velocity 
that later remains constant 
It is found that the motion 
will asymptotically approach 
a steady state. At each depth 
the end points of the velocity 
vectors, when leproscnted as a 
function of time, will describe 
a spiral around the end point 
of the final velocity vector, 
the period of oscillation being 
12 pendulum hours, corre- 
sponding to the period of oscil- 
lation by inertia movement 
(p. 94). The average velocity 
over 24 hours will be practi- 
cally stationary from the very 



Fig 31. Wind current m shallow water, 
assuming a constant eddy viscosity (dashed 
curve) 01 an eddy viscosity that decreases 
toward the bottom (full-drawn curve). 
Observed currents aie indicated by crosses 


beginning, but the oscillations around the moan motion may continue 
for several days and may appear as damped motion in the circle of inertia. 


Wind Currents in Water in which the Density Increases with Depth 

In the equations of motion that govern the wind current, the density 
enters explicitly, and it might therefore be expected that variations of 
density in a vertical direction would modify the results, but the variations 
of the density in the ocean are too small to be of importance in this 
respect. Inifirectly, the variations of density do greatly modify the wind 
current, however, by influencing the eddy viscosity of the water. 

The rate at which a wind current penetrates toward greater depths will 
depend upon the change of density with depth. Where already an upper, 
nearly homogeneous layer of considerable thickness has been developed 
by cooling from above and resulting vertical convection, the wind current 
will in a short time reach its normal state. AVhere a light surface layer 
has been developed because of heating or, in coastal areas, because of 
addition of fresh water, the wind current will first stir up the top layer and 
by mixing processes create a homogeneous top layer. When this is 
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foiincd, the stability will be groat at the lower boundary of the layer, 
where the eddy viscosity will be small, and a further increase of the thick- 
ness of the homogeneous top layer will be effectively impeded, although 
the thickness may be much less than that of the layer within which 
normally a wind current should be developed. The further increase must 
be very slow, but no estimate can be given of the time required for the 
wind current to penetrate to the depths that it would have reached in 
homogeneous water. The gradual increase of the homogeneous top layer 
is shown schematically in fig. 32A. 

If the wind dies off, heating at the surface may again decrease the 
density near the surface, but, as soon as the wind again starts to blow. 




Fig. 32 Effect of wind in producing a homogeneous surface 
layer demonstrated by showing progressive stages of mixing 

a new homogeneous layer is formed near the surface, and, consequently, 
two sharp bends in the density curves may be present (fig. 32B). 

If conclusions are to be drawn from the thickness of the upper homo- 
geneous layer as to the depth to which wind currents penetrate, cases 
must be examined in which the wind has blown for a long time from the 
same direction and with M^ly uniform velocity. In middle and high 
latitudes the wind currenj? will reach its final state more rapidly in winter, 
when cooling takes pla^^ at the surface, than in summer, when heating 
takes place. ^ 

/ 

Secondary ^Effect of Wind In Producing Ocean Currents 

In the open ocee^ the total transport by wind is equal to to/X and is 
directed normal to^the wind regardless of the depth to which the wind 
current reaches and regardless of the variation with depth of the eddy 
viscosity. This /act is gf the greatest importance, because the transport 
of surface layers by wind plays a proifainent part in the generation and 
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maintenance of ocean currents. Boundary conditions and (‘ouvcrging 
or diverging wind systems in certain regions must lead to an accumulation 
of light surface waters, and in other regions to a rise of densci water liom 
subsurface depths. Thus the wind currents load to an altered dist ribu- 
tion of mass, and consequently to an altered distribution of pressure that 
can exist only in the presence of relative currents. These processes will 
be illustrated by a few examples. 


INITIAL 

STAGES 

PLAN 



STATIONARY CONDITIONS 
PLAN PROPILE 






Fig. 33. Schematic representation of effect of wind toward producing currents 
parallel to a coast in the Northern Hemispheie and vertical circulation. Tf shows 
wind direction and T shows direction of transport. Contours of sea surface shown by- 
lines marked D, D + 1. , . . Top figures show sinking near the coast, bottom figures 
show upwelling. 


Consider in the Northern Hemisphere a coast line along which a wind 
blows in such a manner that the coast is on the right-hand side of an 
observer who looks in the direction of the wind (fig. 33). At some dis- 
tance from the coast the surface water -will be transported to the right 
of the wind, but at the coast all motion must be parallel to the coast line. 
Consequently, the convergence that must be present \ofE the coast leads to 
an accumulation of light water along the coast. Vrhis accumulation 
creates an internal field of pressure with which must be i^ociated a current 
running parallel to the oeast in the direction of the wind.\ Thus, the wind 
produces not only a pure wind ourrent'but also a “rdc^ve’* current that 
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runs in the direction of the wind. It has not been possible as yet to 
examine theoretically the velocity distribution within this relative cur- 
rent, but it is a pion probable that this current becomes more and more 
prominent the longer the wind blows. As it increases in speed, eddies will 
probably develop, and these may limit the velocities that can be attained 
under any given circum.stances. Also, it is probable that a vertical 
circulation will be present that will consume energy and tend to limit 
the velocities which can bo reaqhed. 

Consider next a wind in the Northern Hemisphere which blows parallel 
to the coast, with the coast on the left-hand side. In this case the light 
surface water will be transported away from the coast and, owing to the 
continuity of the system, must be replaced near the coast by heavier 
subsurface water. This process is known as upwelling, and is a con- 
spicuous phenomenon along the coasts of northwest and southwest 
Africa, California, and Peru. The upwelling also leads to changes in the 
distribution of mass, but now the denser upwelled water accumulates 
along the coast and the light surface water is transported away from 
the coast. This distribution of mass will again give rise to a current that 
flows in the direction of the wind. 

The qualitative explanation of the upwelling was first suggested by 
Thorade and was developed by McEwen. Eecent investigations have 
added to tho knowledge of the phenomenon and have especially shown 
that water is not di-awn to the surface from depths exceeding 200 to 300 m. 
Deep water docs not rise to the surface, but an overturning ol the upper 
layer takes place. 

In spite of the added knowledge, it is as yet not possible to discuss 
quantitatively the process of upwelling or to predict theoretically the 
velocity and width of the coastal current that develops. It is probable 
that the forced vertical circulation and the tendency of the current to 
break up in eddies limit the development of the current. Also, the wind 
that causes the upwelling as a rule does not blow with a steady velocity, 
and variations of the wind may greatly further the formation of eddies. 

Fig. 34 demonstrates the effect of winds from different directions on 
the currents off the coast of southern California in 1938. The charts 
show the geopotential topography of the sea surface relative to the 
600-decibar surface, which, in this case, can be considered as nearly 
coinciding with a level surface. Arrows have been entered on the isolines, 
indicating that these are approximately stream lines of th^ surface 
currents. 

In the absence of wind, one should expect a flow to the south or 
southeast, more or less parallel to the coast. In February, 1938, winds 
from the south or southwest had prevailed. The light surface water 
had been carried toward the coast, and, consequently, a coastal current 
r unning north was present and was separated from the general flow to 
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tho south by a trough lino that probably represented a line of divergence. 
This inshore current to tho north may not have been an effect of the 
wind only, however, but may have represented a countercurrent that 
developed when variable winds blew (p. 204). 

In June, northwesterly winds had prevailed for several months, 
carrying tho light surface water out to a distance of about 150 km from 
the coast, where the swift current followed the boundary between the 
light offshore water and the denser upwelled water. Within both types 
of water several eddies appeared. 

Similar considerations apply to conditions in the open ocean. Take 
the case of a stationary anticyclone in the Northern Hemisphere. Over 



Fig. 34. A. Geopotential topography of the sea surface off southern California 
relative to the 600-decibar surface in February, 1938, after a period with westerly or 
soutWestorly variable winds. B. Topography and corresponding currents in June 
after a period with prevailing northwesterly winds. 

the ocean the direction of the wind deviates but little from the direction 
of the isobars, so that the total transport of the wind will be nearly 
toward the center of the anticyclone. Light surface water will therefore 
accumulate near the center of the anticyclone and a distribution of mass 
will be created which will give rise to a current in the direction of the 
wind. Similarly, the surface water will be transported away from the 
center of a cyclone, at which heavier water from subsurface depths must 
rise. Again a field of mass is created, and associated with it will be a 
current running in the direction of the wind. 

Mention has so far been made only of the direction of the wind, but 
the total transport depends also upon the square of the wind velocity and 
upon the latitude. In order to find the actual convergences due to 
wind, it is therefore necessary to take into account both the velocity and 
the latitude. An attempt in this direction has been made by Mont- 
gomery, who finds that in the North Atlantic Ocean the region of maxi- 
mum convergence lies to the south of the anticyclone. 
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Every wind Eystem, whether stationary or moving, will create currents 
associated with the redistribution of mass due to wind transport. It is 
furthermore possible that within a moving wind system the distribution 
of mass does not become adjusted to the wind conditions, and that 
actual piling up or removal of mass may occur such as takes place in 
partly landlocked seas. If this is true, dope currents (p. 108) reaching 
from the surface to the bottom develop, but they are of a local character 
and are soon dissipated. One may thus expect that superimposed on the 
general currents will be irregular currents due to changing winds and, 
furthermore, eddies that are characteristic of the currents themselves 
and independent of wind action, A synoptic picture of the actual 
currents can therefore be expected to be highly complicated. 

Origin of Wind Waves 

It is evident to the most casual observer that surface waves are 
created by wind, but only recently a successful physical explanation of 
the process has been presented by H. Jeffreys. Jeffreys avails himself 
of the fact that in a turbulent flow of air, eddies are formed on the lee side 
of obstacles. Thus, when the wind blows over a sequence of waves, 
eddies will be formed on the lee side of the waves, for which reason the 
pressure of the wind will be greater on the windward slopes than on the 
slopes that are sheltered by the crests. This condition can prevail, 
however, only if the waves travel at a velocity which is smaller than the 
speed of the wind. On the basis of these arguments, Jeffreys finds that 
waves may increase only if 

c{W - c)> ^ p H. (VII, 23) 

8p 

Here IT is the velocity of the wind, c is the velocity of the waves, is the 
kinematic viscosity of the water, g is the acceleration of gravity, p and 
p' are the densities of the water and the air, respectively, and s is a 
nondimensional numerical coefficient that Jeffreys calls the "sheltering 
coefficient.” It should be observed that in his reasoning Jeffreys takes 
into account both the turbulent character of the wind and the viscosity of 
the water. His theory therefore must be expected to give results in 
better agreement with actual conditions than earlier theories based on , 
the concepts of classical hydrodynamics, which neglect turbulence and 
viscosity. 

The term on the right-hand side of the equation (VII, 23) is always 
positive. The product on the left-hand side must therefore always be 
positive and can exceed the right-hand term only if the wave velocity 
differs sufficiently both from zero and from the wind velocity. For any 
given wind velocity, there can be only a limited range of possible wave 
velocities. At a given wind velocity the right-hand side of (VII, 23) 
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will be at a maximum when c — Tlicrofore, unless 

^ (VII, 24) 

there will be no values of c that satisfy condition (VII, 23). 

Equation (VII, 24) determines the velocity of the weakest wind 
capable of raising waves, and this wind could be determined if the 
sheltering coefficient were known. Jeffreys has not been able to make 
independent determinations of this coefficient, but has, instead, con- 
ducted wind measurements over ponds in order to determine the lowest 
velocity at which small waves appear. He found that at wind velocities 
of less than 1 m/sec no disturbance of the surface occurred, but that at a 
velocity of about 1.1 m/sec distinct waves appeared. The corresponding 
value of the sheltering coefficient, s, would be about 0.27. It should be 
observed, however, that, because of the rapid change with height of wind 
velocity near a boundary surface, this numerical value and the limiting 
wind velocity both depend upon the height above the water at which the 
wind velocity was measured. 

The velocity of the smallest possible waves should be one third of 
the limiting wind velocity, or about 37 cm/sec, and according to the 
theory (p. 135) the corresponding wave length must be 8.8 cm. Thus, 
measurement of the smalleat waves can be used for testing the correctness 
of the theory, but measurement of such small wave lengths is very 
difficult, and no exact observations have been made. The length of 
the shortest waves observed by Jeffreys lies in the neighborhood of the 
theoretical value, but the shortest waves measured by Scott Russell had 
a length of 5 cm, and those measured by Comish were only about 2.5 
cm long. The problem of the generation of surface waves is therefore 
not satisfactorily solved, but Jeffreys’ approach is in better agreranent 
with observations than any made previously. 

It should be added that, if only the forces due to surface tension and 
gravity are considered, waves should not be formed until tho wind 
velocity passes the limit of 6.7 m/sec and, if only the stress of the wind on 
the surface and gravity are taken into account, the limiting wind velocity 
would be about 4.3 m/seo. Experience shows that these values are 
far too high, and the turbulent character of the wind must therefore 
be of the greatest importance. 

Form and Characteristics of Wind Waves 

In physics the general picture of surface waves is that of sequences 
of rhythmic rwe and fall. Progressive waves appear to move along the 
surface, and standing waves appear stationary. The actual appearance 
of the surface of the open sea, however, is mostly in the sharpest contrast 
to that of rhythmic regularity. If a wind blows, waves of many different 
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sizes arc present, vaiying in form from long, gently sloping ridges to 
waves of short and sharp ciests. Superimposed on the gentler waves, 
which may or mav not lun in the direction of the wind, appear seiies of 
defoimations ot the surface which, fiom the point of view of physics, can 
be termed “waves” only by stretching the definition. 

In spite of the irregular appearance of the sea, it is possible to apply 
the terms wave period, T, wave height, H, and wave length, L, because some 
of the waves will be more conspicuous than otheis and their character- 
istics can be observed. The general theory of waves on the surface of 
the sea leads to a simple formula for wave velocity: 


L \ L T 

^ T ' 2v ^ 27r' 

(VII, 25) 

from which the relations 


H 

11 

(VII, 26) 

, /2vL 2ir 

and T = = — c 

\ g ff 

(VII, 27) 


are derived. These foimulas apply only to a wave whose amplitude is 
small relative to the length, aftd therefore they cannot be expected to be 
valid in all cases. 

Of the three interrelated quantities, c, T, and L, the wave period T 
can probably be most easily determined at sea by using the method 
proposed by Cornish, which consists in recording the time intervals 
between appearances of a well-defined patch of foam at a sufiicient 
distance from the ship. The same method can be used on the coast, 
where, in addition, the interval between breakers can be accurately 
timed. At sea the wave length is mostly estimated on the basis of the 
ship’s length, but this procedure leads to uncertain results because it is 
often difficult to locate both crests of the wave relative to the ship, and 
also because of disturbance due to the waves created by the moving 
ship. The most satisfactory measurements are made from a ship that is 
hove to. Another method consists in letting out a floater as a wave 
crest passes the stem of a ship and recording the length of line paid out 
when the floater reappears on the crest aft of the ship, as well as the angle 
that the line forms with the direction in which the ship travels. The 
velocity of the wave can be found by recording the time in which the wave 
runs a measured distance along the ship. If the period is also determined, 
the wave length is found from the simple formula L = cT. 

A large number of measurements have been made at sea in order to 
establish the relationship between the period of wave, the wave length, 
and the wave velocity. Critical examination of the methods employed 
has been made, especially by Cornish, and a number of average results 
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have been compiled by diffcronl authors. Table 15 contains one of the 
compilations made by Krummel, from which it is evident that the 
observed values arc in fair agreement with the theoretical expectation. 

Table IS 


OBSERVED AND COMPUTED VALUES OF VELOCITIES, LENGTHS, AND 
PERIODS OP SURFACE WAVES 


Region 

Wave velocity, 
m/soc 

Wave length, m 

Wave period, 

seo 

Ob- 

served 

Computed 

from 

Ob- 

served 

Computed 

from 

Ob- 

served 

Computed 

from 


T 

0^ 

2vc» 

17 


' 9 

2)rc 

g 

Atlantic Ocean 










Trade wind region . 

11.2 

BO 

10.5 

65 

70 

61 

5 8 

6.0 

6.2 

Indian Ocean 









1 

Trade wind region . | 

12 0 

13.1 

13 7 

96 

88 

104 

7 6 

7 3 

6 9 

South Atlantic Ocean 










West wind region . 

14 0 

16 6 

17 1 

133 

109 

163 

9 6 

8.6 

7 8 

Indian Ooean 










West wind region 

15 0 

15 2 

13 7 

114 

126 

104 

7 6 

8 0 

8 3 

Chinn Sea . . . 

11 4 


12 4 

79 

72 

86 

6 9 

6 6 

6 3 

Western Pacifio Ocean 

12 4 

13.0 

14 7 


85 

121 

8 2 

7 5 

6 9 


The longest wave periods observed at sea rarely exceed the value 
of 13.6 sec that Cornish reports from the Bay of Biscay. It has been 
established, however, that the swell reaching the shore may have much 
longer periods and correspondingly longer wave lengths and greater 
velocities of progress. The longest period that Cornish has obseiwed is 
about 22,5 sec, corresponding to a wave length in deep water of about 
860 m and a velocity of progress of 35 m/sec. This difference between 
the waves of the open ocean and the swells that reach the coast will be 
dealt with later. 

The theory of waves leads not only to a relation between the wave 
length and the velocity of progress, but also to results concerning the 
profile of the wave. These results are based on the concepts of classical 
hydrodynamics and have been derived from the hydrodynamic equations, 
omitting friction but taking the boundary conditions into consideration. 
In an ideal fluid the free surface of the waves, according to Stokes, will 
very nearly take the shape of a trochoid — ^that is, a curve that is formed 
by the motion of a point on a disk when this disk rolls along a level sur- 
face. If the amplitude is small, the trochoid approaches in shape a sine 
curve, but at great amplitude the crests become narrower and the troughs 
longer. 
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Stokes’ results lead to the conclusion that at increasing amplitude the 
wave form deviates more and more from the trochoid. Studies of the 
stability of waves by Michell show that the wave must become unstable 
if the angle formed by the crest is less than 120 degrees. In this case, 
the ratio of height to length is 1 :7 (see fig. 35) The velocity of progress 
of these waves is no longer independent of the height, but can be written 

«-[4(i +.>(?)’)]“ 

In the case of the extreme Michell wave the velocity ol progress is about 
1.14 times greater than that of waves of small amplitude. 

Accurate measurements of actual wave profiles would be very useful 
for examining the correctness of the above-mentioned theoretical con- 
clusions, Such measurements have been based on photogrammetric 



Fig. 35. True dimensiona of steepest possible wave, acrording to Stokes and Miehell. 

pictures, but the observed profiles show little similarity to the theoretical 
curves. 

The wave theory also leads to certain conclusions concerning the 
character of motion of individual water particles. In a wave that has the 
form of a trochoid, the single water particles will describe circles whose 
radii decrease with increasing depth: 

r = ae~^, (VII, 28) 

where o is the amplitude of the wave (a = J^H), L is the wave length, 
and 8 is the depth below the undisturbed water surface. Each water 
particle describes a circle with radius r in the time T that represents the 
period of the wave. The velocities of the individual water particles are, 
then, 

» = ^ ae~^. (VII, 29) 


These formulas are valid only when the amplitude of the wave is small 
relative to the length, but they can nevertheless be used for an approxi- 
mate computation of the greatest velocities that may be encountered in 
waves. The first columns of table 16 show the periods and the corre- 
sponding whve length and velocities of progress and the assumed values 
of the heights of waves. It should be observed that the height equalb 
twice the amplitude. The heights entered in the table reach approjd- 
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raately the greatest observed heights of waves of stated periods up to 
14 sec, and the last three lines of the table correspond to big swells. 
The last four columns of the table give the velocities of the water at the 
surface and at the depths of 2. 20, and 100 m. It is seen that the surface 

Tasiji 16 


VELOCITIES OF WATER PARTICLES AT DIFFERENT DEPTHS IN SUR- 
FACE WAVES OF DIFFERENT PERIODS, LENGTHS, AND HEIGHTS 


Wave characteristics 

Velocity of particles in cm/sec at 
stated depths 


Velocity 







Period length 

of prog- 

Length 

Height 






ress 







(sec) 

(cm/sec) 

(m) 

(m) 

0 m 

2 m 

20 m 

100 m 

2 . 

312 

6.2 

0.25 

39 

5.2 


0.0 

4 

624 

26 

1.00 

79 

49 


0.0 

6 

937 

56 

2.00 

105 

86 


0.0 

8 . . 

1249 

100 

5.00 

196 

173 


0.4 

10 

1661 

166 

7.00 

220 

203 


4.2 

12 

1873 

225 

10.00 

211 

199 

114.0 

12.9 

14 

2185 

306 

12.00 

273 

262 

180.0 

36.0 

16 

2498 

396 

10 00 

197 

190 

143.0 

40 6 

18 

2810 

606 

8.00 

140 

136 

109.0 

40 6 

20 

3122 

624 

5.00 

78 

76 

63.0 

28 4 


velocities can reach very appreciable values, up to 250 cm/ sec or more, but 
in the case of the shorter waves the velocity decreases very rapidly with 
depth and is negligible shortly below 20 m. In waves of periods below 
10 sec the wave motion is negligible below 100 m. The tabulated 
vdocities correspond to the heights that are entered in the table, and at 
different wave heights the velocity will be altered proportionately. 

No measurements are available of the actual motion of water particles 
in waves. Experience in submarines has shown, however, that the wave 
motion decreases rapidly with increasing depth. Vening Meinesz has 
availed himself of this fact and has been able to conduct observations of 
gravity at sea on board a submarine, making use of pendulums, which 
can be employed only when the motion of the vessel is small. 

A consequence of the decrease of the particle velocity with depth is 
that a small transport of water will take place in the direction of progress. 
A water particle will move in the direction of progress when it is above 
its depth, and in the oppoate direction when it is below its mean 
depth; owing to the decrease of velocity with depth, it will move some- 
what faster in the direction of progress than in the opposite direction. 
Consequently, after completing one revolution in its orbit, the particle 
will not return to the point from which it started, but it has advanced 
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somewhat in the direction of progress, meaning that an actual transport 
of water takes place in this direction even in the absence of wind. 

The irregular appearance of the surface is not accounted for by 
the theories that have been mentiqned so far, but a somewhat better 
understanding of the pattern of waves is obtained when one takes into 
account the phenomena of interference. Suppose that two waves travel 
in the same direction but with a slightly different velocity. The waves 
at the surface can then be represented by the equations 

fi = Oi sin (kiO! — ffii) and la = at sin (k^x — tr^), (VII, 30) 

where | is the vertical displacement of the sea surface, where k = 2ir/L, 
and where o- = 2ir/7'. The actual appearance of the surface is obtained 
by adding the displacements due to the two individual waves If the 
amplitudes are equal, one obtains 

I = 2a cos ~ 

— sin miici + Ki)x - Hiffi + (r8)f]. (VII, 31) 

If the wave lengths differ by a small amount only, this new equation 
represents a wave whose length is the average of the two waves of which 
it is composed but whose amplitude varies between zero and 2o. At the 
locality where the two waves are in phase, the amplitudes are added, 
and a wave appears of twice the amplitude of the two original waves, but, 
where the waves are in opposite phases, the amplitudes cancel. The free 
surface takes the appearance of a sequence of wave groups separated by 
regions with practically no waves. A simple pattern of interference is 
involved, and, owing to this interference, the two individual waves are 
no longer conspicuous, but are replaced by a series of wave trains that 
appear to progress with a definite velocity: 


O’! ~ CTt 
Kl — Kt 


(VII, 32) 


If the wave lengths are only slightly different, this velocity is very nearly 
equal to where c now represents the average velocity of the two 
interfering waves. Thus, the wave train progresses with a velocity that 
is only one half that of the single waves, which therefore advance through 
the wave trains. 

The upper curve in fig. 36 is a reproduction of a record of waves 
obtained at the end of the Scripps Institution of Oceanography pier and 
represents a good example of interference of waves of nearly the same 
period length but of different amplitudes. In the middle portion of the 
figure are shown two sine curves, one of period 9.6 sec and amplitude 
0.75 m, and one of period 8,7 sec and amplitude 0.32 m. The heavy 
curve represents the? wave pattern that would result from interference 
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between the two, and it ia seen that this roughly corresponds to the 
observed pattern. The discrepancies arc accounted for partly by the 
fact that the record was obtained only about 300 m from the beach, 
where the depth to the bottom was about 6 m, for which reason the waves 
were somewhat deformed, and partly by the fact that waves of shorter 
periods apparently were present. Such relatively clear-cut cases are 
rare because, for the most part, waves of so many different period lengths 
are present that the resulting pattern of interfering waves is extremely 
complicated. The lower curve in the figure reproduces a record which 


0 30 eo «0 120 150 ISO 210 SEC 



Fig. 36. Upper curve: Record of waves at the end of the Soripps Institution pier, 
showing interference. Middle curve' Computed pattern of wave interference. Lower 
eurw: Example of the ordinary type of records of waves at the Soripps Institution 
pier, showing very complicated conditions. 

has been selected at random and which shows isolated high waves occur- 
ring at apparently irregular intervals. 

These considerations help to explain the occurrence of a sequence of 
hi gh waves followed by a sequence of low ones, but they do not explain 
the irregular pattern of “waves” that is called “cross sea.” Progress 
toward explaining the typical cross sea, however, has recently been made 
by H. Jeffreys. Jeffreys calls the waves that have been discussed so 
far long-created waves, because it has been assumed that the crest of the 
wave is very long compared to the wave length. Mathematically 
speaking, it is assumed that the wave crests are of infinite length. Jeff- 
reys had introduced the so-called shori-creeted waves, which can be repre- 
sented by the formula 


f =s a cos — fff) cos K'y, 
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where L' = 27r/K' represents the length of the crest. This formula 
defines a series of waves that travel at a speed somewhat greater than 
that of the long-crested waves, the crest itself forming a wave line at right 
angles to the direction of progress; c' = c(l -f- (fig. 37). 

Since such a wave can also travel without altering form, it therefore 
belongs to the group of waves which are theoretically possible. It is 
interesting to observe that, according to Jeffreys, the first waves which 
are generated by the weakest winds must bo long-crested, but, when the 
wind increases in velocity, short-crated waves can be formed. The 
explanation is that the turbulence of the wind is characteiizcd not only 
by random motion in the direction of the wind, but also by random motion 
at right angles to the wind. At higher wind speeds, the turbulent veloci- 



ties at right angles to the wind may be great enough to break the originally 
long-crested waves and to create new short-crested waves. These results 
help greatly toward understanding the irregular appearance of the waves 
in strong winds. 

In table 15, p. 136, only wave velocity, wave length, and wave period 
are listed, and no information is given as to the wave height. A large 
number of measurements of wave heights have been made by different 
methods which, although uncertain, are considered more accurate than 
the measurements of wave lengths. The wave height can be found if a 
location on board ship can be selected at which the tops of the waves 
appear level with the horizon. The wave height is then equal to the eye 
height of the observer above the water line. Another method is based 
on the records of a delicate barometer, and still another that givra very 
accurate results makes use of photogrammetric measurements. 

The greatest wave heights observed in most oceans are about 12 ra. 
Cornish gives a very vivid description of waves of that height during a 
storm which he experienced in the Bay of Biscay in December, 1911. 
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On the day preceding the gale a heavy swell with a period of 11.4 sec 
and an average height of about 6 m came from the northwest. The wind, 
which had blown as a breeze from the southwest, changed during the 
night to west-northwest and increased in the morning to a strong gale 
with velocities up to 23 m/sec. The period of the waves increased to 
13.5 sec, corresponding to a length of 310 m and a velocity of progress 
of 21 m/sec, while the wave height increased up to 12 m. Accounts of 
similarly large waves are given in many cases. In a hurricane in the 
North Atlantic in December, 1922, when the wind velocity probably 
passed 45 m/sec, one of the officers of the Majestic reported waves that 
averaged more than 20 m in height and reached a maximum height of 
up to 30 m. It is probable, however, that the greatest wave heights refer 
to occasional peaks of water which may shoot up to elevations consider- 
ably above the general wave height. In the region of the prevailing 
westerlies of the Antarctic Ocean, wave heights up to 14 or 15 m have 
been observed relatively frequently, but the average wave height lies 
much below these values. 

The observations quoted regarding maximum wave heights and wave 
length all refer to conditions far from land. Near the shore, waves 
created directly by wind do not reach such heights, but the height will 
depend upon the stretch of water across which the wind has blown — 
that is, the fetch of the wind. Stevenson has combined the average data 
into the simple formula h—}^ -y/P, where h is the greatest observed wave 
height in meters and F is the fetch of the wind in kilometers. This 
formula is valid for small bodies of water and is also applicable up to a 
certain distance from the coast when the wind blows away from the 
coast. If the fetch of the wind is leas than about 10. km, a small correc- 
tion term has to be added. Not only the wave height but also the wave 
length increases with increasing distance from shore. 

The ratio between the length and the height of the waves appears to 
vary between 10 and 20 when a fresh wind blows, but, in the case of a 
swell, may lie between 30 and 100. Kesults that have been obtained by 
different observers will be mentioned later (p. 145). 

Relations Between Wind Velocity and Waves 

In order to explain some of the phenomena thus far discussed, it is 
necessary to consider the energy of the waves. This energy can be 
jcicputed by considering that it is present partly as potential energy 
and partly as kinetic energy. ’The computation leads to the result that 
in the case of long-crested waves the energy per unit area of the sea surface 
is approximately equal to gpa^, where g is the acceleration of gravity, 
p is the density of the water, and o is the amplitude of the wave. In the 
case of short-crested waves the energy per unit area of sea surface is 
approximately one half of this amount. 
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The energy of the waves is transmitted to them by the wind, and, 
according to Jeffreys, the processes that lead to the generation of waves 
are also of fundamental importance to their further development. When 
the wind velocity increases, the pressure exerted on the windward side 
of the wave will be greater than that on the lee side. Consequently, 
the waves will increase in height and their energy will increase also. 
The energy considerations do not lead to any limit of height to which the 
waves can grow, but the wave theory itself, as developed by Michell 
(see p. 137), shows that the height cannot exceed about one seventh 
of the wave length. Thus, if the wind constantly imparts energy to the 
waves, and if there is no increase in the wave length, the crests will merely 
break and the sea will become covered by whitecaps. However, the 
longer the wave the greater -the height it can reach, and thus the greater 
the amount of energy it can absorb from the wind. The wind is able to 
produce waves of different length, but the longer will continue to grow 
for a longer time. Jeffreys therefore concludes : “ When the waves have 
traveled a long distance, with the wind blowing them all the time, the 
longest waves will tend to predominate, simply because they can store 
more energy.” 

However, there is also a limit to the length that waves can attain, 
because tho velocity of progress of the Waves increases with increasing 
wave length and because the wind cannot impart further energy to the 
waves if they travel at a speed that is greater than the wind velocity. At 
a given wind velocity the longest possible waves will therefore be those 
that travel at a velocity somewhat below the wind velocity. According 
to Cornish the speed of th? fully developed waves, on an average, is 
eight tenths of the speed of the wind, but it should be borne in mind that 
the observed wind velocity depends upon the height at which the velocity 
is measured. Information is still lacking as to tho relation between the 
velocity of the wind directly over the sea surface and the velocity of the 
waves. 

It also follows that the greatest wave velocity cannot exceed the 
velocity of the wind that has created the waves, assuming that a surface 
wave continues at a constant speed after leaving a region of strong 
winds. Theories developed by Poisson and Cauchy, however, lead to 
the conclusion that tho wave length — and therefore the velocity of prog- 
ress and the period — of a surface wave increases in' course of time. The 
velocity of the swell reachhig the coast, according to these theories, 
should be greater than the velocity of the waves that were directly 
created by the wind. Kriimmel quotes a single observation that may 
support these conclusions, whereas Cornish emphasizes the fact that 
no breakers have been observed whose velocity of progress in deep 
water exceeded observed wind velocities. In the case of breakers with a 
period of 20 sec, con’espondiug to a velocity of progress of about 30 m/sec. 
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which were observed on the coast of the English Channel on December 29, 
1898, Cornish points out that prior to the arrival of these breakers a gale 
had been reported in mid-Atlantic in which the force of the wind had 
probably exceeded 36 m/sec, which was about 5 m/sec greater than the 
speed of the waves. He considers it probable that these waves were 
formed within the area of the gale and traveled for a long distance at their 
original speed. Waves may nevertheless reach the coast before the 
arrival of the gale, because the speed at which an atmospheric disturbance 
travels is, in general, less than tho maximum speed of the wind within 
the disturbance. 

Cornish also points out that in the open ocean the existence of long 
swells can be completely obscured if shorter waves of greater height are 
present at the same time. He illustrates his point by means of a graph 
similar to the one shown in fig. 38. It is here assumed that two waves 
are present, one long swell, curve A, and one wave, curve B, which has 
only one third the period of tho swell but twice as great an amplitude. 



Fig. 38. laterforonce betwoen a long swell (A) and a much shorter wave (B). 


By the interference of these two waves the surface takes the appearance 
shown by the heavy curve, C. In this caso an observer would get the 
impression that the waves present were of the same period as the shortest 
waves, but of variable height, a phenomenon that is often recorded. The 
long swell therefore may very well be obscured by shorter waves. 

A number of studies have dealt with the relation between the wind 
velocity and the maximum wave height, the steepness, and the vdocity 
of progress of the waves. For the eorrelation of quantities that have not 
been directly measured, the equation.*! on p. 136 give the theoretical 
relations between wave velocity and wave length or wave velocity and 
wave period. 

Cornish’s empirical results regai’ding the highest waves can be sum- 
mariaed as follows: 

c « Q.8W and ^ | T. 

By means of the equations on p. 136, one obtains the relation H =» 0.4817, 
indicating that the highest wave heights are proportional to the wind 
velocity. Zimmerman’s empirical results are 

L = 10.621?** « 3.6517**, 
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giving H = QAA.W, in good agreement with the results of Cornish as to 
relation between wave height and wind Krummel, on the othei hand, 
arrives at the conclusion that the maximum wave heights are greater 
than those corresponding to a linear relationship, and Rossby has for 
theoretical reasons suggested a formula of the type 

H = -W\ 

g 

where G is a nondimensional constant. When G = 0.3, Rossby finds that 
his formula fits the available data fairly well at high wind velocities, but 
it may be stated nevertheless that the relation between wind velocity 
and wave height is so complicated that no simple empirical formula has 
so far been established. 

The same complication exists when the steepness of the waves is 
expressed by means of the ratio between wave length and wave height, 
L/H, which is inversely proportional to the steepness. Cornish’s rela- 
tions lead to the formula L/H = 0.85W, but this is evidently not valid 
at wind velocities much below 10 m/sec, because the steepest possible 
waves are characterized by a latio L/II = 7 Zimmerman’s values give 
L/H = These two results are in qualitative agreement, because 

both indicate an increase of the ratio L/H with increasing wmd velocity. 
They are also in agreement with Jeffreys’ explanation of the growth of 
waves, according to which one must expect L/H to be greatest for the 
longest waves. Schott, on the other hand, found that the ratio L/H 
decreased with increasing wind velocity, and, in discussing a large number 
of observations by Paris, he found the ratio to be constant. Observations 
from lakes indicate that there the ratio varies between 10 and* 12. 

A similar confusion exists regarding the relation between wave velocity 
and wind velocity. Coinish found, as already stated, that c = 0.8TP, 
but from Zimmerman’s relation it follows that c = 2.3611!’^. According 
to the latter equation the wave velocity is greater than that of the wind 
up to a wind velocity of 13.2 m/sec, and smaller when the wind is above 
that value, in disagreement with energy considerations, which lead to the 
conclusion that the wave velocity must always be less than the wind 
velocity. 

All these discrepancies indicate that wave height, wave profile, and 
velocity of progress are not dependent upon the wind velocity at the time 
of observation alone, but may also depend upon the length of time the 
wind has blown, the state of the sea when the wind started blowing, and 
the dimensions of the area over which the wind has blown. It can in 
all events be stated that comprehensive observations are needed for 
clearing up these questions. 

It was mentioned (p. 142) that the wave height depends upon the fetch 
of the wind, and that for small bodies of water a simple empirical relation- 
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ship had been established between maximum wave heights and the 
dimensions of the body. This formula is valid to a distance of 600 to 
900 nautical miles, at which the maximum wave height characteristi* 
of the open ocean, about 12 m, may be reached. The fact that greater 
wave heights are rarely observed may be due to the circumstance that the 
wind systems usually have dimensions smaller than 1000 nautical miles, 
so that in the open ocean the actual fetch of the wind cannot exceed that 
distance, or it may be that a longer fetch of the wind tends more toward 
increasing the length of the waves than toward increasing their height. 

The difference in energy of long-orcsted and short-crested waves and 
of high and low waves must be considered in the discussion of what 
happens to the waves when the wind stops blowing. Owing to their 
smaller energy per unit area the short-crested waves will be destroyed 
more rapidly by friction, and the largest of the long-crested waves stand 
the best chance of surviving for longer periods. It is also probable that 
the dissipation of energy is more rapid within the steeper waves, for which 
reasons the steeper and shorter waves will be destroyed more rapidly than 
the longer and loss steep. Thus one should expect that, outside of the 
region in which the wind blows, long-crested swells will become more and 
more dominating, and, at considerable distances from the wind areas, 
only long-crested swells will bo present. These conclusions are in good 
agreement with observed conditions. 

Waves Near the Coast. Breakers 

When the waves approach the coast, a number of things occur. It 
is conspicuous, first, that the short-crested cross sea mostly disappears at 
some distance from the coast and that it is mainly the long-crested rollers 
that reach the beaches. Jeffreys has been able to show that this trans- 
formation is associated with the change in form and the dissipation of 
energy that take place when surface waves enter shallow water. One 
of the characteristic deformations is that originally symmetrical waves 
become unsyiumetrioal when the depth decreases, the front of the waves 
becomes steeper, and, finally, the waves break. This effect is more 
conspicuous in the case of the short-crested waves, which therefore 
break at a greater distance from the coast, whereas the long-crested waves 
can proceed farther without being destroyed. 

Another effect of the decrease of depth is that the wavei velocity is 
reduced. Consequently, a wave that approaches the coast at an angle 
will be deflected so that it will reach the coast with the wave front nearly 
parallel to it. The part of the wave that first approaches the coast will 
be slowed down, but the outer portion of the wave will still advance with 
a great velocity and the direction of the wave front will be turned. 

Still another effect is related to the fact that when approaching a 
coast the waves take on a character which is intermediate between surface 
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waves and long waves — ^that is, their lengths become great compared to 
the depth of the water. The waves of long period and correspondingly 
great wave length are transformed into long waves at a greater distance 
from the coast than are those of short period. As a consequence, the 
movement of the water particles of the longer waves will reach to the 
bottom at a greater distance from the coast, although the height of these 
waves may be smaller than that of the short-period waves. This circum- 
stance may have considerable bearing on sand movement caused by 
waves in shallow water. 

The breaking of the wave is partly due to friction, which is effective 
when the water becomes so shallow that the motion reaches from the 
surface to the bottom. In this case the lower portion of the wave will 
be slowed down more than the upper portion and the deformation of 
the wave will be accelerated. 

When a wave breaks near the shore, another wave type, known as a 
wave of translation, may develop. This wave, which was discovered and 
studied by Russell, is characterized by having only a crest, and no trough. 
In such a wave the motion of water particles is only in the direction of 
progress, and the water particles are therefore displaced forward as the 
wave passes. It is formed when a mass of water is suddenly added to still 
water, and may therefore be produced as the crest of a breaking wave 
topples over and crashes down on the water surface in front. This wave 
type is unimportant in the open sea, but may be prominent on a shallow 
coast. 

Certain phenomena that appear to be associated with breakers are 
not yet understood. The existence of undertow has not been satisfac- 
torily explained and is doubted by some observers. The rip currents 
which flow away from the coast through the breakers and which may 
carry swimmers far out from the beach are probably associated with the 
surface transport of water against the beach by the waves. 

Destructive Waves 

The destructive waves that occasionally inundate low-lying coasts 
and cause enormous damage are commonly known as “tidal waves," 
although they have nothing in common with the tides. The name 
“tidal wave” has, however, become so firmly established in the English 
language that the popular use will probably be continued in spite of the 
unfortunate confusion to which it gives rise. Destructive waves are not 
related to the tide-producing forces, but are caused by earthquakes or by 
severe storms blowing against the coast. It is therefore necessary to 
distinguish between earthquake waves and storm waves, since the former 
are real waves and the latter are not even related to waves (p. 122). 

Waves in the sea caused by earthquakes are of two different types, 
In the first place, a submarine earthquake may produce longitudinal 
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oscillations in the sea which proceed at the velocity of sound waves. 
When reaching the surface, such a longitudinal oscillation will be felt 
on board a ship as a shock which violently rocks the vessel. The shock 
may be so severe that the sailors believe their vessel has struck a rock; 
on early charts, several such reported “rocks” were indicated in waters 
where recent soundings have shown that the depth to the bottom is 
several thousand meters. There are many ship reports dealing with such 
shock waves, particularly from regions in which seismological records 
show that submarine earthquakes are frequent. Explosion waves of 
this character occur mostly as independent phenomena, but occasionally 
they are accompanied by the release of large amounts of gases that rise 
toward the surface and, owing to their pressure, may lift the surface up 
like a dome and produce a transverae wave that will spread out like 
another gravitational wave. Observations of this kind of waves are 
rare, but it is possible that ships which have been lost at sea have been 
completely destroyed by such enormous disturbances. When a wave of 
this nature spreads out from the place where it reaches the surface, it 
decreases in amplitude, and by the time that it reaches the coasts it has 
usually been so much reduced that it does not cause much damage. 

Destructive waves caused by earthquakes aie in general associated 
with submarine landslides, which dii'ectly create transverse waves. 
These are called dislocation waves, and may reach enormous dimensions 
both in the open sea and near the coasts. They proceed as ordinary long 
gravitational waves, and many records exist of such waves that have 
traversed the entire Pacific or Atlantic Ocean and caused enormous dam- 
age by completely inundating low-lying areas Thus, the great damage 
caused by the earthquake at Lisbon on November 1, 1756, was due mainly 
to the gigantic wave that was set up; this wave crossed the Atlantic Ocean 
and reached the West Indies as a "tidal wave” 4 to 6 m high. In Japan, 
similar earthquake waves have on many occasions brought great destruc- 
tion and led to the loss of many lives. As an example, it may be men- 
tioned that in 1703 more than 100,000 persons lost their lives when the 
coast of Awa was flooded. Some of the most discussed waves are those 
that accompanied the eruption of the volcano Krakatoa, in the Sunda 
Strait, on August 26 and 27, 1883. Several waves occurred after the 
different eruptions, and the highest ones caused great devastation on 
various East Indian islands, whore more than 36,000 persons lost their 
lives and where the waves in certain localities must have reached a height 
of up to 35 m. These waves did not enter the Pacific Ocean, but crossed 
the Indian Ocean and entered the Atlantic Ocean, where they were 
recorded as far north as to the English Channel, having traveled a dis- 
tance corresponding to half the circumference of the eaith in thirty-two 
and a half hours. In the English Channel the height had decreased, 
however, to a few centimeters. 
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As already stated, these waves proceed as long gravitational waves, 
and their veloc^ of progress over a uniform bottom, therefore, should 
be equal to -y/ gh. Where the depth to the bottom, h, is variable, the 
velocity of progress will be less than where h is the average depth, 
but it has been found that the velocity of progress is smaller than should 
be expected even if variations in depth are considered. The study of 
the rate of propagation of these waves served, in spite of this circumstance, 
to give an idea of the average depth of the ocean prior to the time of 
deep-sea soundings. Thus, in 1856, Bache computed the average depth 
of the oceans to be about 4000 m, whereas Laplace had assumed an average 
depth of about 18,000 m. 

Destructive “waves” caused by wind and barometiic pressure are of 
an entirely different nature. In this case one has to deal not at all with 
the effect of a wave, but, instead, with inundations that are almost 
directly caused by the ocean Waters being swept up against the coast by 
violent storms. Abnormally high-water levels caused by strong winds 
are frequent on many coasts, but, fortunately, the sea level rarely rises so 
much that great damage occurs. The most destructive storm “wave” 
known in the history of the United States is that which practically 
destroyed Galveston on September 8, 1900. A West Indian hurricane 
approached the coast of the Gulf of Mexico, where, at Galveston, the 
barometric pressure fell from 29.42 inches at noon to 28.48 at 8:30 p.m. 
At the same time the wind velocity increased to 100 miles per hour at 
about 6:00 P.M., when the anemometer was broken to pieces. It has 
been estimated that the average wind velocity between 6 :00 and 8:00 p.m. 
must have been about 120 miles per hour. During the day the water 
rose slowly but steadily until the wind had reached hurricane force, 
when a much more rapid rise took place. In the evening the water level 
was nearly 16 feet above mean high water, and large districts oi the city 
were flooded. Nearly 6000 persons were drowned, and the property 
damage ran into tens of millions of dollars. 

The hurricane that on September 21, 1938, struck the coast of New 
England brought an even higher water level in many localities, but did 
not cause so much loss of life. At Buzzard's Bay the highest water level 
ranged from 12 to 16 feet above mean low water, and at Fall Biver it 
was reported that “the water came up rapidly in a great surge,” rising 
to about 18 feet above normal. Nearly 600 'persons lost their lives, 
and the property damage has been estimated at $400,000,000, but only 
part of this damage was due to destructive waves. 

It should again be emphasized that destructive “waves” caused by 
wind and also commonly included among “tidal waves” are not waves, 
but represent a rise of sea level comparable to the minor changes of sea 
level that are associated with wind and are known on all coastal areas. 
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Thermodynamics of Ocean Currents 


The preceding description of the effect of the wind, especially the 
discussion of the secondary effect of the wind in producing currents in 
stratified water, may leave the impression that the wind is all-important 
in the development of the ocean currents and that thermal processes can 
be entirely neglected. Such an impression, however, would be very mis- 
leading. In discussing the secondary effect of the wind, it was repeatedly 
mentioned that the development of the currents caused by a redistribution 
of mass by wind transport would be checked partly by mechanical proc- 
esses and partly by thermal processes. Surface waters that were trans- 
ported to higher latitudes would be cooled, and thus a limit would be set 
to the differences in density which could be attained; upwelling water 
would be heated when approaching the surface, and at a certain vertical 
velocity a stationary temperature dbtribution would be established at 
which the amount of heat absorbed in a unit volume would exactly balance 
the amounts lost by eddy conduction and by transport of heat through the 
volume by vertical motion. The establishment of a stationary tempera- 
ture distribution within upwelling water would check the effect of upwell- 
ing on the horizontal distribution of density. 

The above examples serve to emphasize the importance of the thermal 
processes in the development of the currents, but an exact discussion 
of the thermodynamics of the ocean is by no means possible. So far, 
the principles of thermodynamics have found very limited application 
to oceanographic problems, but this does not mean that the thermal 
processes are unimportant compared to the mechanical. 

Thebmal CiBcroLATiON. The term “thermal circulation” will be 
understood to mean a circulation that is maintained by adding heat to a 
system in certain regions and by cooling it in other regions. The char- 
acter of the thermal circulation in the ocean and the atmosphere has been 
discussed by Y. Bjerknes and collaborators. Them conclusions can be 
stated as follows: If within a thermal circulation heat shall be trans- 
formed into mechanical energy, heating must take place under higher 
pressure and cooling under lower pressure. Such a thermodyuamic 
machine will run at a constant speed if the mechanical energy that is 
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produced by the thermal circulation equals the energy that is expended 
in ovei coming the fiiction 

In the ocean, “highei piesauie” can generally be replaced by “greater 
depth,” and “ lower pies&ure ” by “smaller depth.” Applied to the ocean 
the theorem can be foimulated as follows: If within a thermal circulation 
heat shall be transformed into mechanical energy, the heating must take 
place at a gi'eater depth than the cooling. 

This theorem was demonstrated experimentally by Sandstrdm before 
it was formulated by Bjerknes. In one experiment, Sandstrom placed 
a “heatei” at a higher level and a “cooler” at a lower Ipvel in a vessel 
filled with water of unifoim temperature (fig 39a). The heater consisted 
of a system of tubes through which warm water could be circulated, and 
the cooler consisted of a similar system through which cold water could 
be circulated. When warm and cold water was circulated through the 
pipes, a system of vertical convection currents developed and continued 
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Fig 39 Types of c tioulalion induced m watei by different placement of warm 
(W) and cold (C) aouioca 

until the water above the heater had been heated to the temperature 
of the circulating warm water and the water below the cooler had been 
cooled to the temperature of the circulating cold water. When this state 
had been reached and a stable stratification had been established, all 
motion ceased. 

In a second experiment (fig. 39b), Sandstrbm placed the cooling sys- 
tem above the heating system. In this case the final state showed a 
circulation with ascending motion above the heating unit and with 
descending motion below the cooling unit. Thus, a stationary circulation 
was developed because the heating took place at greater depth than 
the cooling. 

From these experiments and from Bjerknes’ theorem, it is immediately 
evident that conditions in the oceans are very unfavorable to the develop- 
ment of thermal circulations. Heating and cooling take place mainly at 
the same level — ^namely, at the sea surface, where heat is received by 
radiation from the sun during the day when the sun is high in the sky, or 
lost by long-wave radiation into space at night or when the sun is so low 
that the loss is greater than the gain, and where heat is received or lost by 
contact with air. 

Because heating and cooling take place at the surface, one might 
expect that no thermal circulation coqld develop in the sea, but this is not 
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true. Consider a vessel filled with water. Assume that heating at the 
surface takes place at the left-hand end and that, toward the right-hand 
end, the heating decreases, becoming zero at the middle of the vessel. 
Beyond the middle cooling takes place, reaching its maximum at the 
other end (fig. 39c). Under these conditions the heated water to the 
left will have a smaller density than the cooled water to the right, and 
will therefore spread to the right. Owing to the continuity of the 
system, water must rise near the left end of the vessel and sink neai the 
right end, thus establishing a clockwise circulation that, at the surface, 
flows from the area where heating takes place to the area where cooling 
takes place. When stationary conditions have been established, the 
temperature of the water to the left must be somewhat higher than the 
temperature of the water to the right, owing to conduction from above. 

This circulation is quite in agreement with Bjerkn&s' theorem, because 
at the surface the water that flows from left to right is being cooled, since 
it flows from a region where heating dominates into a region where cooling 
is in excess. On the other hand, on the return flow, which takes place at 
some depth below the surface, the water is being warmed by conduction, 
because it flows from a region of lower temperature to a region of higher 
temperature. Thus, the circulation is such that the heating takes place 
at a greater depth than the cooling. This circulation, however, cannot 
become very intensive, particularly because the heating within the return 
flow must take place by the slow process of conduction. 

If the oceanic circulation is examined in detail, many instances are 
found in which the vei tical circulation caused by the wind is such that the 
thermal machine runs in reverse, meaning that mechanical energy i.s 
transformed into heat, thus checking the further development of the wind 
circulation. When upwelling takes place, the surface flow will be directed 
from a region of low temperature to a region of high temperature, and the 
subsurface flow will be directed from high to low temperature. The 
thermal machine that is involved will consume energy and thus counteract 
a too-rapid wind circulation. Thus, in the Antarctic the thermal 
circulation will be directed at the surface from north to south and will 
counteract the wind circulation, which will be directed from south to 
north. On the other hand, systems are found within which the thermal 
effect tends to increase the wind effect and within which the increase of 
the circulation must be checked by dissipation of kinetic energy. 

Thebmohaline Ciboulation. So far, only thermal circulation has 
been considered, but it must be borne in mind that the density of the 
water depends on both its temperature and its salinity, and that in the 
surface layers the salinity is subject to changes caused by evaporation, 
condensation, precipitation, and addition of fresh water from rivers. In 
the open ocean the changes in density are determined by the excess or 
deficit of evaporation over precipitfction. These changes in density may 
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be in the same direction as those caused by heating and cooling, or they 
may be in opposite directions. When examining the cii’culation that 
arises because of the external factors that influence the density of the 
surface waters, one must take changes of both temperature and salinity 
into account and must consider not the thermal but the thermohaline 
circulation. For this reason, Bjerknes’ theorem is better formulated as 
follows: If CL tliermohaltne circulatxon shall produce energy, the expansion 
must take place at a greater depth than the contraction. In this form, the 
theorem can be used to determine if, within any given circulation, energy 
is gained or lost through thermohaline changes. 

If thermal and haline circulations are separated, in some instances 
they work together and in others they counteract each other. The 
greatest heating takes place in the equatorial region, where, owing to 
excess precipitation, the density is also decreased by reduction of the 
salinity. In the latitudes of the subtropical anticyclones the heating is 
less, and, in addition, the density of the water is increased by excess 
evaporation « Between the Equator and the latitudes of the subtropical 
anticyclones, conditions are therefore favorable for the development of a 
strong thermohaline circulation. North and south of these latitudes the 
haline circulation will, however, counteract the thermal, because the 
density is decreased by excess precipitation but increased by cooling. 
There a weak thermohaline circulation might be expected. 

In the absence of a wind system, one might expect a slow thermohaline 
circulation directed from the Equator to the poles at the surface and in the 
opposite direction at some subsurface depth. This circulation would be 
modified by the rotation of the earth and by the form of the ocean basins, 
but nothing can be said as to the character of the system of currents that 
would be developed under such conditions. It is probable, however, that 
the existing current system bears no similarity to the one that would 
result from such a thermohaline circulation, but is mainly dependent upon 
the character of the prevailing winds and the extent to which the circula- 
tion maintained by the wind is checked by the thermal conditions. In 
other words, the wind system tends to bring about a distribution of 
density that is inconsistent with the ^ect of heating and cooling, and the 
actual distribution approaches a balance between the two factors. These 
two factors — the wind and the process of heating and cooling — ^are 
variable, however, in time and space, and therefore a stationary distribu- 
tion of density with accompanying stationary currents does not exist. 
Only when average conditions over a long time and a large area are 
considered can they be regarded as stationary. 

Vbktioal Convection CtrEiiBim!, The thermohaline chculation is 
of small direct importance to the horizontal current, but is mainly respon- 
sible for the development of vertical convection currents. Wherever the 
density of the surface water is increased so much by cooling or by evapora- 
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tion that it becomes greater than the density of the underlying strata, the 
surface water must sink and be replaced by water from some subsurface 
depth. The vertical currents that arise in this manner arc called vertical 
convection currents. They are irregular in character and should not be 
called “currents” if this term is defined as motion of a considerable body of 
water in a definite direction. 

The depth to which vertical convection currents penetrate depends 
upon the stratification of the water. A mass of surface water whose 
density has been increased by cooling or evaporation sinks until it meets 
water of the same density. If mixing with neighboring water masses 
takes place, it sinks to a lesser depth. When vertical convection currents 
have been active for some time, an upper layer of homogeneous water is 
formed, the thickness of which depends upon the original stratification 
of the water, the intensity of the convection currents, and the. time the 
process has lasted. Thus, an upper homogeneous layer can be formed in 
two different manners — either by the mechanical stirring due to wind, or 
by the effect of thermohaline vertical convection currents. 

The vertical convection currents as a rule are of greater importance in 
higher latitudes. In latitudes where an excess of evaporation is found, 
the heating of the surface is often so great that the decrease of the surface 
density by heating more than balances the increase by evaporation. In 
these circumstances the surface salinity wUl be greater than the salinity 
at a short distance below the surface. The formation of deep and bottom 
water by vertical convection currents is dealt with elsewhere (p. 89). 
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Water Masses and Currents of the Oceans 


Water Masses of the Oceans 

In. oceanography the introduction of the concept of water masses 
has been as fruitful as the introduction of the concept of air masses in 
meteorology. In the ocean, however, a steady state is more closely 
approached, and the distribution of the water masses deviates from the 
distribution of the air masses in that the boundaries between different 
water masses are always found in approximately the same localities and 
that the quasi-horizontal boundaries between water masses are as well 
defined and important as are the inclined boundaries. 

In middle and low latitudes the arrangement of the water masses in a 
vertical direction is such that one can distinguish between the surface 
layer, the upper water, the intermediate water, the deep water, and, in 
some localities, the bottom water. In high latitudes the intermediate 
water is often lacking, and the upper water is similar to the deep water. 
In a vertical direction the density of the water increases with depth, and 
in a horizontal direction the density in general increases toward the polar 
regions. Surface water of a given density which sinks in higher or middle 
latitudes spreads along the proper density surface (v, surface) ; hence in 
middle latitudes the vertical distribution of density reflects the horizontal 
distribution during the season when the surface densities are greatest— 
that is, during the season when sinking of surface water is most likely to 
occur. 

The following water masses are formed by sinking of surface water in 
different localities. Antarctic Wnt.m’Aa formed near the Antarctic 

Continent, particularly in the Weddell Sea area to the south of the 
Atlantic Ocean. On the continental shelf the salinity of the water is 
increased by freezing of ice, so that water is formed at a salinity of about 
34.62Voo and a temperature of about —1.9®. Expressed as <ft, the 
density of this water is 27.89, which is higher than the density of the 
adjacent circumpolar water, for which o-j = 27.84, the water having a 
salinity of 34.68® /oo and a temperature of 0.6®. The water on the 
continental shelf therefore sinks, flowing down the continental slope, but 
in sinking it mixes with the wanner and more saline circumpolar water, 

Its 
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so that a bottom water, the Antarctic Bottom Water, is formed with a 
salinity of about 34.66Voo and a temperature of about —0.4“. This 
water represents a water type (p. 88), but as it spreads it becomes mixed 
with adjacent water and attains the character of a water mass, which is 
marked by a certain temperature-salinity relation (p. 88). 

Noi'th Atlantic Deep and Bottom Water is formed in the Labrador Sea 
and in the region between Iceland and the southern part of Greenland. 
There the warm and saline waters of the North Atlantic drift are mixed 
with the colder and less saline water of the East Greenland CuiTent. In 
winter, when this mixed water is cooled at the surface, it attains a 
sufficiently high density (up to at = 27.88) to sink. The water that sinks 
to depths greater than 1000 m has a salinity between 34.90 and 34.96°/oo 
and a temperature between 2.8“ and 3.3“ (table 19, p. 170). Variations in 
the processes of mixing and cooling lead in different years to the sinking 
of water of somewhat different temperatures, salinities, and densities. 
The vertical convection currents therefore reach different depths and lead 
to the formation of a water mass within which the temperature decreases 
somewhat with depth. Corresponding deep water is not formed in the 
North Pacific, where no water of high salinity is subjected to intense 
cooling in winter. 

Antarctic Intermediate Water sinks at the Antarctic Convergence. This 
convergence, the cause of which is not clearly understood, can be traced 
all around the Antarctic Continent within the belt of the strong and 
prevailing westerly winds. The water that sinks at the Convergence is a 
water type having everywhere a salinity of about 33.8°/oo and a tempera- 
ture of about 2.2”, the corresponding at being 27.0. After the water 
leaves the surface, mixing with the over- and underlying bodies of water 
leads to the formation of a water mass that spreads to the north between 
the surfaces at = 27.2 and at = 27.4, and at its core is characteriaed by 
a salinity minimum. 

North Atlantic Intermediate Water is formed in a similar manner at a 
convergence to the south of the Labrador Sea, but on a very small scale. 

North Pacific Intermediate Water is similarly formed in the north- 
eastern part of the North Pacific, in about latitude 40“N, but, when it 
spreads to the w^t and south, subsurface water is added in relatively 
large quantities. The North Pacific Intermediate Water is therefore 
lacking the characteristics that it would show if it were formed mainly by 
the sinking of surface water, such as a high content of dissolved oxygen. 
In contrast to tho Antarctic and North Atlantic Intermediate Waters, it is 
poor in oxygen. 

The Central Water Masses of the different oceans are formed by sinking 
at the Subtropical Convergences. The Subtropical Convergences are 
found in all oceans in latitudes 36“ to 40“ S and 36“ to 40“N. They are 
not well-defined lines of convergence, but represent regions of convergence 
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within which sinking oi suiiaco water lo greater depths takes place in 
winter, lii these icgious the temperature and the salinity of the surface 
water decrease with increasing latitude, and the density inci eases The 
sinking of surface water in those areas therefore leads to the formation 
of water masses whose temperature-salinity curves reflect the tempera- 
ture-salinity relations at the surface in the coldest season, as shown 
schematically in fig. 21, p. 90 Because of the process of formation the 
character of the Central Water Masses in the different oceans depends 
upon the temperature and the saliirity in the regions of the Subtropical 
Convergences. 

In adjacent seas that are more or less closed off from the ocean by 
submarine ridges, special types of water are formed. Thus, in the 
Norwegian Sea, a deep water is formed by processes similar to those that 
lead to formation of the Atlantic Deep Water. In the western part of the 
Norwegian Sea, off the east coast of Greenland, a mixture of the warm 
Atlantic water that enters the Norwegian Sea to the north of Scotland 
and the cold water of the East Greenland Current is cooled in winter, and, 
by vertical convection currents, deep water is formed of temperature 
—0.8“ to —1.2“ and of salinity 34.89 to 34.92“/oo. The upper layers of 
this water flow into the Polar Sea across the submarine ridge between 
Greenland and Spitsbergen and fill the Polar Basin. 

In the Mediterranean Sea, evaporation and winter cooling lead to the 
formation of a deep water of temperature 13.0“ to 13.6“ and of salinity 
38.4“/oo to 38.7“/oo- This Mediterranean Waier flows nlong the bottom 
of the Strait of Gibraltar into the Atlantic Ocean, where it mixes with 
the Atlantic water and spreads between the surfaces at = 27.6 and 
at = 27.7 — ^that is, below the Antarctic Intermediate Water. It can be 
clearly recognized over wide areas by an intermediate salinity maximum; 
in the South Atlantic, it can be traced around the Cape of Good Hope. 

In the Red Sea a similar but warmer and more saline deep water is 
formed, having a temperature of 21.5* to 22“ and a salinity of 40.5“/oo to 
41“/oo. This Red Sea Wafer flows along the bottom of the Strait of 
Bab-el-Mandeb into the Indian Ocean, where it mixes with other water 
masses and spreads. The quantities of Red Sea Water entering the 
Indian Ocean are much smaller than the quantities of Mediterranean 
Water entering the Atlantic Ocean, and therefore the Red Sea Water 
exercises a smaller influence. 

Other important water masses in the oceans are formed not by sinking 
of surface water but by processes of suheur/ace mixing. The greatest of all 
is the Antarctic Circumpolar Water Mass, which is mainly formed by 
mixing of Atlantic deep water and Antarctic bottom water, but also con- 
tains some Antarctic Intermediate Water and traces of Mediterranean 
Water. The processes that lead to the formation of this water mass are 
discussed on pp. 214 and 215. 










160 


WATER MASSES AND CURRENTS OF THE OCEANS 


The Subantarctic Water Mass occupies the region between the Antarc- 
tic Convergence and the southern Subtropical Convergence, and repre- 
sents a transition from the Antarctic Circumpolar Water Mass to the 
Central Water Masses of the southern oceans. Tho coriesponding 
Subarctic Water Masses are found to the north of the northern Subtropical 
Convergences and are formed by mixmg, winter cooling, and excess 
precipitation. 

In the Pacific Ocean an Equaion,al Water Mass is present between the 
Central Watei Masses of the North and South Pacific. In the Indian 
Ocean a similar Equatorial Water Mass is piesent, but it is lacking in the 
North Atlantic. 

In the North and South Pacjfic the Subarctic and Subantarctic Water 
Masses penetrate toward the Equator along the west coasts of North and 
South America, where their character is changed because of heating and 
evaporation at the surface. 

Fig. 40 shows the character of the water masses that have been dis- 
cussed, their regions of formation, and their distribution. The chart in 
the upper part of the figure and the temperatui e-salinity curves in the 
lower pait should together illustrate the concepts that most water masses 
arc formed at the sea surface and sink and spread in a manner which 
depends upon their density in relation to the general distribution of 
density in the oceans. 

Watei masses of corresponding character are present in the different 
oceans, but, nevertheless, a marked contrast exists between the Atlantic 
and Pacific Oceans. In the Atlantic the Central Water Masses of tho 
North and South Atlantic dominate. No Equatoiial Water exists, and 
Subpolar Water Masses are of small extension. In the Pacific, on the 
other hand, a large Equatorial Water Mass is present, and, along the 
western coasts of North and South America, Subpolar Waters advance 
toward the Equator. Equally striking is the fact that in both the North 
and South Pacific two Central Water Masses are present. The existence 
of these water masses is probably related to the fact that over both the 
North and South Pacific two high-pressure areas are generally present. 
In tho South Pacific, two high-pressure areas appear on the charts of 
average pressure distribution in winter. In the North Pacific, two 
pressure areas often show up in daily weather maps; these aieas do not 
appear on charts for seasons, however, because of the variable location 
of the eastern pressure cell, but the wind systems characteristic of the two 
high-pressure areas are recognized by the influence they exert on the 
oceanographic conditions. 

Table 17 contains the average salinities of the Central Water Masses 
at different temperatures and the maximum deviations from the averages, 
according to the curves in fig. 40. It is seen from the table and the figure 
that the Central Water Masses of the South Atlantic, the Indian, and the 
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western South Pacific Oceans are very similar, as should be expected, 
because they are formed in regions in which the external influences — that 
is, the atmospheric circulation and the processes of heating and cooling — 
are similar. The corresponding water mass of the eastern South Pacific 
is of lower salinity, probably because of admixture of the low-salinity 
Subantarctic Water of the Peru Current. Such admixture may also be 
responsible for the fact that the Central Water of the western South 
Pacific has a slightly lower salinity than the Central Waters of the Indian 
and South Atlantic Oceans. 

The Central Waters of the North Atlantic and the North Pacific 
Oceans are quite different, the former having a very high and the latter 
a very low salinity. The contrast probably results from the different 
character of the ocean circulation and the differences in the amounts of 
evaporation and precipitation, especially in high latitudes, which are 
intimately related to the distribution of land and sea. 

The Central Water Masses are all of small vertical extension, particu- 
larly in the North Pacific Ocean, where their thickness over large areas is 
only 200 to 300 m. In all oceans the greatest thickness of the Central 
Water Masses is found along the western boundaries, reaching 900 m in 
the Sargasso Sea region of the North Atlantic. 

The Central and Equatorial Water Masses are covered by a surface 
layer 100 to 200 m thick, within which the temperature and the salinity 
of the water vary greatly from one locality to another, depending upon 
the character of the currents and the exchange with the atmosphere, and 
within which great seasonal variations occur in middle latitudes. The 
surface layer, the Central Water Masses, and the upper portions of the 
Equatorial Water Masses together form the oceanic troposphere (p. 86). 

The Subantarctic Water between the Central Water Masses of the 
southern oceans and the Antarctic Convergence has nearly the same char- 
acter all around the earth, and is therefore considered as belonging to the 
waters of the Antarctic Ocean. It is of low salinity and is probably 
formed by mixing and vertical circulation in the region between the 
Subtropical and the Antarctic Convergences. In the North Atlantic the 
corresponding Subarctic Water is found only in a small region and is of 
relatively high salinity, but in the North Pacific it is of wide extension and 
of low salinity. The Subarctic Water must be formed by processes that 
differ from those that maintain the Subantarctic W ater. In the southern 
oceans the Antarctic Convergence represents a continuous and well- 
defined poleward boundary of the Subantarctic Water, but in the 
northern oceans the corresponding Arctic Convergence is found in the 
western parts of the oceans only, and in large areas there is no marked 
poleward boundary of Subarctic Waters. This contrast between south 
and north must he related to the differences in the distribution of land and 
sea and is reflected in the character of the waters. The Subarctic Waters 
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are similar to the corresponding Arctic Intermediate Watere, but the 
Subantarctic Water is distinctly different in character from the Antarctic 
Intermediate Water. 

The regions of formation of the intermediate, deep, and bottom waters 
are shown in the chart in fig. 40, and the characteristic temperature and 
salinity values of these water masses can be read off from the diagrams 
in the lower part of the figure. The deep water of the different oceans 
will be discussed more fully when dealiilg with the deep-water circulation 
of the oceans. 


Currents of the North Atlantic Ocean 

The North Equatorial Current. The system of currents in the 
North Atlantic (chart 4) is dominated by the North Equatorial Current 
to the south and by the Gulf Stream system, to the north. The North 
Equatorial Current flows from east to west in the tiade-wind region and is 
fed by the southeasterly currents off the west coast of North Africa 
Corresponding to flow from the northwest, water of relatively high 
density and low temperature is found off the African coast, as is evident 
from the charts of surface temperatures (charts 1 and 2). The tempera- 
ture close to the coast is also lowered by upwelling from moderate depths, 
owing to the action of prevailing northwesterly winds, but this upwelling 
does not exercise as wide-spread an influence as does the corresponding 
upwelling off the coasts of southwest Africa, or, particularly, as that off 
the west coasts of North and South America. 

In the western part of the North Atlantic Ocean the Noith Equatorial 
Current joins a branch of the South Equatorial Current which has crossed 
the Equator and which, according to fig. 40, p. 159, carries character- 
istically different water masses. Thus, the part of the North Equatorial 
Current that continues into the Caribbean Sea carries water which is 
mixed with water of South Atlantic origin, whereas the northern branch 
of the North Equatorial Current, which flows along the northern side of 
the Great Antilles as the Antilles Current, carries water that is identical 
with that of the Sargasso Sea. 

The Gulp Stream System. The North Equatorial Current termi- 
nates in the current through the Yucatan Channel and the Antilles 
Current, and the continuation of these currents represents the beginning 
of the Gulf Stream system, which dominates the circulation of a great 
part of the North Atlantic Ocean. In accordance with the nomenclature 
of Iselin the term “Gulf Stream system” is used to include the whole 
northward and eastward flow beginning at the Straits of Florida and 
including the various branches and whirls that are found in the eastern 
North Atlantic and that can be traced back to the region south of the 
Newformdland Banks. This system can be subdivided into the following 
parts: 
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(1) The Florida Current, comprising all the northward-moving water 
from the Straits of Florida to a point off Cape Hatteras, where the current 
ceases to follow the continental slope. The Florida Current can be traced 
directly back to the Yucatan Channel, because the greater part of the 
water flowing through this strait continues on the shortest route to the 
Straights of Florida and only a small amount sweeps into the Gulf of 
Mexico, later to join the Florida Current. After passing the Straits 
of Florida the current is reinforced by the Antilles Current, but the name 
“Florida Current” is retained as far as to Cape Hatteras. 

(2) The Gulf Stream, comprising the mid-section of the system from 
the region where the current first leaves the continental slope off Cape 
Hatteras to the region to the ea.st of the Grand Banks in about longitude 
45“W, where the stream begins to fork. This application of the name 
“GuH Stream” represents a restriction of the popular term, but such a 
restiiction is necessary in order to introduce clear definitions. 

(3) The North Atlantic Current, comprising all the easterly and 
northerly currents of the North Atlantic from the region to the east of the 
Grand Banks, where the Gulf Stream divides. The branches of the 
North Atlantic Current arc often masked by shallow and variable wind- 
drift surface movements that have become commonly known as the North 
Atlantic Drift. 

The terminal branches of the Gulf Stream system are not all well 
known, but among the major ones are the Irminger CuiTent, which flows 
toward the west off the south coast of Iceland, and the Norwegian 
Current, which enters the Norwegian Sea across the Wyville Thomson 
Ridge and which ultimately can be traced into the Polai- Sea. Other more 
irregular branches turn to the south and terminate in great whirls off the 
European coast. 

The Florida Current. The energy of the Florida Current appears 
to be derived directly from the difference in sea level between the Gulf 
of Mexico and the adjacent Atlantic' coast, the observed difference 
between Cedar Keys and St. Augustine being 19 cm. Assuming that this 
hydrostatic head accounts for all of the energy, and assuming frictionless 
flow, Montgomery finds that the velocity through the Straits of Florida 
should be 193 cm/sec, which is somewhat higher than the average velocity 
at the center of the current. The difference in level is probably main- 
tained by the trade winds, and the energy of the Florida Current is therefore 
derived frm, the circulaiion of the atmoephere. 

Within the current flowing through the Straits of Florida the dis- 
tribution of density must adjust itself in the usual manner so that the 
ligihter water will be found on the right-hand side of the current and the 
denser water on the left-hand side, and so that the sea surface, instead of 
, coinciding with a level surface, rises toward the right-hand side of the 
' current. Across the Florida Current, this rise amounts to about 45 cm, 
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so that at the coast of Cuba the sea level is about 45 cm higher than at the 
American mainland. 

The character of the currents in the Straits of Florida was estab- 
lished by the outstanding measurements which, in the years 1886 to 1889, 
were made by the U. S. Coast and Geodetic Survey from the survey vessel 
Blake, commanded by J' E. Pillsbury. Pillsbury’s current observations, 
which were carried out from a vessel anchored in deep water iu a swift 
stream, arc among the classical data in physical oceanography, not so 
much because they give complete information as to the average currents, 
but mainly because they made possible a convincing demonstration of the 
correctness of the later methods used for computing relative currents. 
The upper right-hand graph in fig. 26 (p 111) shows the observed average 
velocity distribution in a section through the narrowest part of the 
Straits of Florida between Fowey Rocks, south of Miami, Florida, and 
Gun Cay, south of Bimini Islands, as plotted by Wust from Pillsbury’s 
data. To the left ai'e shown the corresponding distributions of tempera- 
ture and salinity as represented by Wust on the basis of temperature 
measurements made by Bartlett on board the Blake in 1878 and published 
by Agassiz in 1888, and of temperatm-e and salinity observations onboard 
the U. S. Coast and Geodetic Sui-voy vessel Bache in 1914. By means of 
these data, Wiist has computed the velocity distribution which is shown 
in the lower right-hand graph in fig. 26 and which is in remarkable agree- 
ment with the observed distribution. In order to arrive at absolute 
values of the velocity, Wiist had to assume a known velocity at some 
depth, and, on the basis of the distribution of temperature and salinity, he 
assumed an inclined surface of no motion at some distance from the 
bottom, as shown by the curves marked 0. These curves nearly coincide 
with the curve of zero velocity as derived from Pillsbury’s measurements. 
Thus, a complete correspondence is found between observed and com- 
puted currents, and this single example, therefore, has greatly contributed 
to increasing the confidence in the correctness of computed currents in 
general. 

On the basis of measurements and computations, Wiist finds that the 
average transport of water through the Straits of Florida is 26 million 
m®/aec. The transport probably shows an annual variation and may 
di6fer from year to year, but so far little is known about such fluctuations, 

In its further course the Florida Current closely follows the continental 
slope, flowing moat swiftly directly along the slope. The shallow coastal 
waters to the left of the Florida Current remain more or less at rest, and 
often the transition from these waters to the blue waters of the Florida 
Current is so abrupt that the border of the Florida Currmit can be seen as 
a line stretching from horizon to horizon. After emerging from the 
Straits of Florida the current is soon joined by the Antilles Current, 
which, according to Wiist, carries about 12 million mVsec. Owing to the 
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moderate depth to the bottom, the current remains relatively shallow, not 
more than about 800 m deep, and carries no water colder than 6.5° until 
it leaves the Blake Plateau in about latitude 33°N. According to Iselin 
the current increases steadily in volume by absorption of Sargasso Sea 
water, and as it leaves the Blake Plateau the depth and the volume of the 
current suddenly increase by the joining in of water of a temperature con- 
siderably below 8® that comes from the southwestern Sargasso Sea. 

The GtTLP Stbeam. The middle portion of the Gulf Stream system, 
for which the name “Gulf Stream” is retained, continues as a well-defined 
and relatively narrow current which, in contrast to the Florida Current, 
flows at some distance beyond the continental shelf. To the right of the 
current is the Sargasso Sea water, as previously, but to the left are now 
found two water types: the coastal water, which covers the shallow shelf 
areas, and the slope water, which, at temperatures between 4° and 10°, is 
very similar to the Gulf Stream water, but which at higher temperatures 
is of lower salinity. Within the upper layers of the slope water, great 
seasonal variations in temperature and salinity occur, and, in addition, 
eddies of Gulf Stream water occasionally intrude. The surface velocities 
are very high, the computed values reaching, in lat. 36°N, long 73°W, 
more than 120 cm/sec, and in lat. 38°N, long. 69°W, reaching 140 cm/sec. 
On the assumption of no motion at a depth of 2000 m, where the isosteres 
are nearly horizontal, the volume transport of the Gulf Stream off 
Chesapeake Bay is between 74 and 93 million mVsec. If these figures 
are correct, they indicate that between 38 and 67 million m’/sec of 
Sargasso Sea water and deep water have been added to the Florida-Gulf 
Stream after the Antilles Current, carrying 12 million m'/sec, joined the 
flow of 26 million m’/sec through the Straits of Florida. Similarly, 
between 34 and 53 million mVsec would have to be discharged toward the 
south from the Gulf Stream between Chesapeake Bay and longitude 
45°W, off the “tail” of the Grand Bgnks; where, according to Soule, the 
transport of the Gulf Stre^pwe^omewhat less than 40 million m®/see. 
j’liflgft <»o ^clusioip. iriftfrBtfrsupported by observations between the line 
ChesapeakeBay-Bermuda and the Bahamas or between Bermuda and 
longitude 45°W. The available data indicate that the inflow north of the 
Antilles Current does not exceed 15 to 20 million mVseo, and between 
Bermuda and longitude 46°W the southward flow of Gulf Stream water 
does not exceed 16 million m/sec. The computed transport can, however, 
be interpreted differently. 

The dynamics of the Florida Current and the Gulf Stream, particu- 
larly the downstream increase in volume as far as Cape Hatteras, is not 
clearly understood. Rossby has compared the Florida Current and its 
continuation, the Gulf Stream, to a wake stream which emerges from the 
Skaiis of Florida, and has examined the effect on such a stream of 
stresses due to lateral mixing. In a wake stream in homogeneous water 
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tho momentum transport remains constant, whereas the volume (mass) 
transport increases downstream, the increase being due to inflow from the 
sides. Expanding the theory to a stratihed medium, Rossby finds that a 
“compensation current” in the diiection of flow must develop on the 
right-hand side of the wake stream, whereas to the left a counter-current 
in the opposite direction must appear, and this picture agrees in general 
with the pattern of the Gulf Stream and its surroundings. Another 
important aspect of the theory is that, owing to the lateral stresses, a 
transverse circulation should develop, water being absorbed from the 
oceanic areas to the right of the current and discharged into the counter- 
current to the left. Such a mechanism would account for the presence of 
eddies of Gulf Stream water in the slope current, but Defant and Ekman 
have warned against immediate acceptance of the theory, because several 
of the necessary assumptions appear not to be fulfilled. Regardless of 
whether the theory is confirmed or disproved, it has been greatly stimu- 
lating, particularly because of its emphasis on the importance of lateral 
mixing. 


Tabud 18 

AVERAGE SEA LEVEL ALONG THE NORTH AMERICAN EAST COAST 
REFERRED TO SEA LEVEL AT THE COAST OP FLORIDA-OEORQIA 



Sea level (cm) 








Distance 


Locality 



Mean 

along coast 

Slope 


Avers, 

Rappleye, 


(km) 



1927 

1932 




St. Auguatme, Fla 

Femandina, Fla. >. 

Brunswick, Ga ' 

0 

0 

0 

0 

6 X 10-« 

Norfolk, Va. 

4 

7 

6 

1000 

36 X 10-* 

Cape May, N J l 

Atlantic City, N J. > 

16 

24 

20 

1400 


Fort Hamilton, N J. ; 





13 X 10-« 

Boston, Maas. } 

Portland, Me J • i 

26 

30 

28 

2000 

12 X 10-« 

Halifax, Nova Scotia 


36 

35 

2600 


A satisfactory theory of the Gulf Stream must account not only for the 
increase in volume transport in tho direction of flow and the fact that this 
increase takes place without evidence of strong inflow from the southeast, 
but also for another important feature that has been given considerable 
attention without having been explained satisfactorily. Precise leveling 
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along the American east coast shows that the mean sea level increases 
toward the noith from St Augustine, Floiida, to Halifax, Nova Scotia, 
the most conspicuous increase taking place directly north of Cape 
Hatteras. In table 18, summarizmg the results of piecise leveling, the 
sea level along the coast has been referred to that on the coast of Florida 
and southern Georgia, values from stations less than 200 km apart having 
been combined as averages. The distances along the coast from Florida- 
Georgia are entered, and also the values of the slope of the sea surface 
These values are of the same order of magnitude as those derived from 
oceanographic data in the Caribbean Sea, where Parr computed a slope of 
17 X 10~*, and Sverdrup a slope of 12 X 10~® (p. 181). 

If the upward slope along the American east coast were due to the 
distribution of mass in the ocean, the average density of the Gulf Stream 
water off the continental shelf would have to decrease in the direction of 
flow and the Gulf Stream would have to flow uphill, but no such decrease 
is found. A discrepancy therefore exists between the results of precise 
leveling and the results of what has been called “oceanographic leveling." 
It is not surprising that such discrepancies appear because, as explained 
on p. 99, oceanographic observations can give information only as to the 
topography of the sea surface relaiwe to some selected surface in the ocean, 
and information as to the absolute topography of the sea surface must be 
derived from precise levehng along the coasts. It seems possible, how- 
ever, to reconcile the different observations by assuming that an actual 
piling up of water is maintained in the western North Atlantic and that, 
owing to this piling up, a current flowing southwest along the continental 
shelf is not reflected in the distribution of mass. 

The Nobth Atlantic Current. The North Atlantic Current 
represents the continuation of the Gulf Stream after it leaves the region 
to the east of the “tail” of the Grand Banks. Beyond this region the 
Gulf Stream loses its characteristics as a well-defined current and divides 
into branches that are often separated by countercurrents or eddies. 
Some of the branches turn south, but others continue toward the east 
across the mid-Atlantic lUdge, being flanked on the northern side by waters 
of the Labrador Current that have been mixed with Gulf Stream water. 

The contrast between the Gulf Stream and the North Atlantic Cur- 
rent to the north of the Azores is illustrated in fig. 41, which shows two 
temperature profiles on the same scale. To the left in the figure arc 
shown the isotherms in a vertical section from Chesapeake Bay toward 
Bermuda, according to observations at AtlanUs stations 1231-1226, 
The Gulf Stream is here concentrated within the narrow band in which 
the isotherms slope steeply downward toward the right. The section 
to the right in the figure runs north-northwest from the Azores to lat, 
4I8*N and is based on the observations on board the AUair during the 
Xntemarional Gulf Stream Expedition in 1938. In this section the 
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isotherms geneially slope downwaid towaid the south, indicating a 
flow toward the east, but the slope is not uniform and countei cun cuts 
or eddies 'are present between the east-flowing branches of the eurient 
The detailed woik that was conducted by the International Gulf 
Stieara Expedition of 1938 clearly shows the complicated details of the 
oceanographic conditions. Between June 1 and 22, 1938, the German 
vessel, the Altair, and the Norwegian vessel, Armauer Hansen, occupied 
159 stations in an area of less than 100,000 square miles, and at one 
station the AUair anchored and made houily observations of temperature, 
salinity, and currents at a number of depths between the surface and 
800 m for a period of 90 hours. The dense neuwork of stations showed 



Pig 41. Temperature profilca aoroes the Gulf Stream off Chesapeake Bay and 
across the North Atlantic Cm rent to the north ot the Azores 


even greater irregularities than one might expect. Thus, at 600 m, 
the temperature varied between approximately 7® and 13®, and differences 
up to 6° were observed at distances of less than 40 miles. Some of the 
observed features may be due to the influence of the bottom topography, 
and others may be related to traveling disturbances. Regardless of how 
the features are interpreted, they do show that caution has to be exercised 
when drawing conclusions from a few scattered observations, because 
such scattered data may not be representative. They also show that an 
intensive mixing takes place in mid-ocean. 

Records at stations that were occupied in 1931 by the Atlantis along 
the mid-Atlantic Ridge in long. 30®W demonstrate that in spite of 
irregularities one can distinguish between two major branches of the 
North Atlantic Current, The northern of these branches flows between 
latitudes 60® and 52®N, at the boundary between the water of the Gulf 
Stream system and the Subarctic Water, and carries water which repre- 
sents Gulf Stream water mixed with waters of the Labrador Current, 
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The other branch flows approximately in lat. 45°N and carries undiluted 
3ulf Stream water. Of these branches the northern continues mainly 
loward the^ east-northeast and divides up. Part of the water flows 
mross the Wyville Thomson Badge into the Norwegian Sea, and part 
;urns toward the north and northwest as the Irminger Current, which 
lows along the southern coast of Iceland. A small portion of the water 
jf the Irminger Current bends around the west coast of Iceland (fig. 
44, p. 175), but the greater amount turns south and becomes more or less 
mixed with the waters of the East Greenland Current. The detailed 
work of the Meteor in the area between Iceland and southeastern Green- 
land indicates that many eddies within which this mixing takes place 
remain in approximately the same locality from one year to another, 
and the position of the eddies may therefore be related to the configura- 
tion of the coast. The last traces of the Gulf Stream water continues 
around Cape Farewell, where, at some distance from the coast, water of 
salinity above 36.00®/oo is encountered. 


Tablb 19 

HYDROGRAPHIC CONDITIONS IN THE IRMINGER SEA IN EARY SPRING 


Depth 

(m) 

Meteor 121 
Lat. 66°37'N 

, March 9, 1935 
, Long. 44'’64.5'W 

Meteor 70, March 30, 1033 

Lat. 69“38'N, Long. 40“42.5'W 

B 

S 

(7o,) 

(Tl 

Rl 

0, 

(%) 

“C 

S 

(Voo) 

fft 

1 

(ml/L) 

O 2 

(%) 

0 

2 82 

34 87 

27.80 

7 24 

96 

4.07 

34 96 

27.76 

6 92 

95 

60 

3 01 

34 90 

27 81 

7.26 

97 

4.07 

34.97 

27 77 

6 99 

96 

100 

3.00 

34 92 

27 82 

7 24 

97 

4.06 

34.96 

27 77 

6 81 

94 

200 

8,17 

34.03 

27.82 

6 70 

90 

3.98 

34 97 

27 77 

6 84 

94 

800. . . 

3.26 

34 96 

27.83 

6.98 

94 

3.76 

34.95 

27.77 

6 60 

90 

1000. . . . 

3 20 

34.95 

27.83 

6 96 

93 

3 38 

34.89 

27.77 

6 64 

89 

1500 . . 

3.17 

34 93 

27.82 

6.09 

94 

3.28 

34 04 

27.82 

6 39 

80 

2000. .. . 

3.23 

34.03 

27.82 



2.84 

34.96 

27 88 

0.37 

87 


In the central part of the Irminger Sea, off southern Greenland, 
mixing between the North Atlantic Water and the Labrador Sea Water 
leads to the fomation of Subarctic Water of uniform salinity close to 
34.96®/oo and a temperature whioi^, from a depth of a few himdred meters 
and downward, is nearly 3®C. When the surface layers are cooled in 
winter to temperatures below 3®, vertical convection currents develop, 
reaching from the surface to the bottom and leading to renewal of the 
deep water. Table 19 contains data from two Meteor stations which were 
occupied in early spring and at which nearly uniform water was present. 
In the table the oxygen content of the water is stated and is expressed 
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both as milliliter of oxygen per liter of water and as percentage of satu- 
ration at atmospheric pressure. The high oxygen values substantiate 
the conclusion that convection currents were present and reached to 
great depths. 

The branch of the North Atlantic Current which crosses the mid- 
Atlantic Ridge in approximately lat. 46“N turns to the right and con- 
tinues as an irregular flow toward the south between the Azores and Spain, 
sending whirls into the Bay of Biscay. No distinct currents exist in this 
region, as is evident from the discussions of the conditions in the eastern 
North Atlantic by Helland-Hansen and Nansen, but a diffuse transport of 



Fig. 42. Transport of Central Water and Subarctic Water in the Atlantic Ocean. 
The lines with arrows indicate the direction of the transport, and the inserted num- 
bers indicate the transported volumes in miliions of cubic meters per second. Full- 
drawn lines show warm cwrents, dashed hnes show cold currents. Areas of positive 
temperature anomaly are shaded. 

water toward the south takes place. Some of this water enters the 
Mediterranean as a surface current and flows out again across the sill 
in the Strait of Gibraltar as water of very high salinity which spreads at 
intermediate depths and there influences conditions over the greater 
part of the North and South Atlantic Oceans (p. 173). The larger 
amount of the upper water masses continues toward the south and fimally 
joins the North Equatorial Current. 

Tranbpoht. On the basis of the above discussion and from numerous 
computations of transports, fig. 42 has been prepared giving a schematic 
picture of the volume transport of the currents that carry North Atlantic 
Central Water or Subarctic Water. No lines of equal transport are 
entered, but the different branches of the current system are indicated 
And the approximate volume transports in millions of cubic meters per 
second are stated. The presentation has been derived by computing 
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the transport of water of temperature higher than 7® between a number of 
selected stations north of lat. 20°N, and adjusting the figures in order to 
take the continuity of the system into account. To the northwest of a 
lino that can bo draAvn roughly between the Straits of Florida and tho 
English Channel it has been assumed that the 2000-depibar surface could 
be taken as a surface of no motion, but to tho southeast of that lino it has 
been assumed in general that the 7®-isothcrmal surface was a surface 
of no motion This treatment was necessary because the condition of 
continuity has to bo satisfied and because a reversal of the direction of 
flow appears to take place below the7®-lsothermal surface over large parts 
of the southeastern area. It is not claimed that the picture in fig. 42 is 
accurate in details, but it is believed that it gives an approximately 
correct idea of the circulation of the upper water within the greater 
part of the North Atlantic Ocean. 

The representation shows the Florida Current and the Gulf Stream 
as the only well-defined currents of the Atlantic Ocean, It also shows 
that the greater amount of the waters of the Gulf Stream turns south 
before reaching the Azores and circulates around the Sargasso Sea. 

In the figure tho areas are shaded in which the average surface temper- 
ature is higher than the general average for that latitude. Thus the 
shaded portions represent the areas with positive temperature anomalies 
as referred to the average temperatures along parallels of latitude in the 
Atlantic Ocean, and the unshaded portions represent the areas of nega- 
tive temperature anomalies. As should be expected, water that is 
transported from lower to higher latitudes is warm, whereas water that 
is transported from higher to lower latitudes is cold. If the velocity 
distribution within the different branches of the currents were known, 
it would be possible to compute the net amounts of heat that are given 
off or taken up by the ocean cuiTents, but so far such calculations must 
be made on an entirely different basis (p. 229). 

Another characteristic of tho system of curaents is brought out by a 
compaiison between the transports and the temperatures off Chesapeake 
Bay and to the north of the Azores (fig. 41), The Gulf Stream off 
Chesapeake Bay transports large volumes of water of temperatures above 
16®, but the North Atlantic Current to the north of the Azores carries 
only small amounts of watei’ as warm as that. This apparent reduction in 
temperature must be due to the fact that the warmer waters of the upper 
layers have been carried south before reaching the Azores, whereas the 
somewhat colder waters at greater depths have risen and continued 
toward tfie east. 

As will be shown (p. 186), 6 million mVseo of South Atlantic Upper 
Water enter the North Atlantic Ocean along the coast of South America. 

I, Correspondingly, 6 million mVsec of North Atlantic Water sink in 
different localities e-nd return- to the South Atlantic aa a deep-water 
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flow. Tho three regions where sinking takes place and the amount'- ot 
water sinking Irom the suiface are shown by circles and inserted numbers 
that repie&ent rounded-off values. About 2 million mV^ec sink outside 
the Strait of Gibraltar and about the same amount sinks in the Labradoi 
Sea. Both of these values are based on fairly accurate data, where! ore 
it follows that a similar amount sinks in the third region within which 
bottom and deep water is being renewed — ^namely, tho region to the 
southeast of southern Greenland. 



Fig. 43. Approximate directions of flow of the Intormediate Water Masses of too 
North Atlantic. A I.W.: Arctic Intermediate Water, M.W.: Mediterrenean Water, 
A. A I W.: Antarctic Intermediate Water. 


The direction of flow of the different types of intermediate waters of 
lower temperature does not always coincide ivith the direction of flow of 
the upper water. On the basis of the character of the water and the 
results of dynamic calculations, fig. 43 has been prepared giving a tenta- 
tive picture of the spreading of the Arctic Intermediate Water, 
the Mediterranean Water, and the Antarctic Intermediate Water. The 
Arctic Intermediate Water is present in the northern region only. The 
Mediterranean Water partly bends north before turning west and pai-tly 
spreads directly toward the west. Some of this water turns south and 
continues across the Equator below the Antarctic Intermediate Walbr, as 
indicated by the crossing of the lines of flow. The Antarctic Inter- 
mediate Water enters the North Atlantic Ocean along the coast of South 
America. One branch bends toward the east and south, returning across 
the Equator, and two other branches continue, one into the Caribbean 
Sea, and the other along the north side of tho Antilles, Mixing takes 
place between the different tsqjes of water, and the actual pattern of flow 
or spreading out is therefore far more complicated than shown. 
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Currents of the Adjacent Seas of the North Atlantic Ocean 
The Noewegia-N Sea and the Noeth Polae Sea. The inflow of 
water into the Norwegian Sea and the North Polar Sea takes place 
principally between Scotland and the Faroe Islands, and the outflow 
takes place through Denmark Strait. Fresh water is added by run-off 
from the great Siberian rivers and by excess precipitation. The water 
budget of the region can therefore be summarized as follows: 


Inflow northwest of Scotland 

3 0 million mVsee 

Inflow through Bering Strait 

0 3 

H 

Bun-oft fiom rivers 

0 16 “ 

It 

Excess precipitation 

0 09 " 

It 

Inflow and addition of fresh water 

. 3 65 “ 

It 

Outflow through Denmark Strait 

8 56 “ 

ft 


The Atlantic Water that flows into the Norwegian Sea has a salinity 
of about 35. 3Voo, but is diluted by fresh water, so that the outflowing 
water has a lower salinity — about 32 5°/oo. 

The amount of heat given off by the water can be estimated. The 
average temperatures of the inflowing and outflowing waters between 
Scotland and Greenland can be taken as 8°C and —l^C, respectively, 
and therefore the total amount of heat given off by the waters is about 
24 X g oal/sec. It is probable that at least half of this amount is 
given off where the Atlantic water flows north along the west coast of 
Norway, or over an area not greater than 2 X 10‘® m®. The average 
amount of heat given off in this area would then be 12 g cal/m“/sec = 
0.072 g cal/cm®/min = 103 g cal/cmVday. This value is greatei than 
the radiation surplus in those latitudes (fig. 66 p 229), and, although 
it is uncertain, it serves to demonstrate the important bearing of the 
Atlantic Current on the climate of the extreme northwestern part of 
Europe. 

Later observations have not materially changed the conception of the 
surface currents of the Norwegian Sea which HeUand-Hansen and Nansen 
presented in 1909. Their picture is reproduced in fig. 44, according to 
which the two main currents in that region are the Norwegian Current, 
which represents a continuation of the North Atlantic Current, and the 
East Gieenland Current. 

The Norwegian Current, which is part of the Gulf Stream system 
(p. 164), is flanked on the left-hand side by a series of whirls, some of 
which are probably stationary and related to the bottom topography, 
whereas others may be traveling eddies. Off northern Norway the 
Norwegian Current branches, one branch continuing into Barents Soa, 
and another turning north toward Spitsbergen and bending around the 
northwestern Spitsbergen islands. The waters of this current have a 
high salinity and a high temperature, the maximum salinity decreasing 
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from about 35 3°/oo noith of Scotland to about 35 OVoo off Spitbbeigcn 
and the subsurface temperature decreasing fiom about 8° to less than 4® 
in the same distance 

The East Greenland Current flows on or directly off the East Green- 
land shelf, carrying water of low sabnity and low tempeiature. The 



Fig 44 Surface ourrentB of the Norwegian Sea (after Helland-Hansen 
and Nansen) 

greater part of the East Greenland Current continues through Denmark 
Strait between Iceland and Greenland, but one branch, the East Iceland 
Arctic Current, turns to the east and forms a portion of the counter- 
clockwise circulation in the southern part of the Norwegian Sea. 
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No vplooiticb aie entered on the figure, but within the Norwegian 
Current velocities up to 30 cra/aec, or about 0.6 knots, occur, and within 
the East Greenland Current, where the water moves fastest diicctly 
off the shelf, velocities of 25 to 35 cm/sec are encountered. These 
values are based partly upon computation from the distribution of density 
and paiily upon direct cuirent measurements. 

In the North Sea a counterclockwise circulation is also present, as 
has been demonstrated not only by the distribution of temperature and 
salinity but also by the results of lai'ge-scale experiments with drift 
bottles The details of the currents are much more complicated than is 
shown in the figure, and several smaller but permanent eddies appear to 
be present. In the straits between Sweden and Denmark the surface 
current is directed in general from the Baltic to the North Sea, but along 
the bottom the water flows into the Baltic In the Baltic and the adja- 
cent gulfvS the currents are so much governed by local wind conditions 
that no generalization is possible. 

In the North Polar Sea the surface currents are also greatly influenced 
by local winds An independent current appears to be present only to 
the north of Spitsbergen and to the northeast of Greenland, where the 
surface wateis flow south, feeding the East Greenland Arctic Current. 
The greater part of the Atlantic water that reaches Spitsbergen as the 
northern branch of the Norwegian Current submerges below the Ai’ctic 
surface water and spread, s as a warm intermediate layer over large parts 
of the Polai Sea. 

In the Baients Sea a counterclockwise circulation prevails, with rela- 
tively warm water of Atlantic origin on the southern side and Arctic 
watei on the noi them, and with numerous eddies in the central portion. 
In the other marginal areas of the Polar Sea, the Kara Sea, the Laptev 
Sea, the North Siberian Sea, and the Chukotsk Sea, the currents are 
mainly determined by local wind.s and, in summer, by the discharge of 
large quantities of fresh water from the Siberian rivers or the Yukon 
River, but details of the currents are little known. 

The Norwegian Current and its branches are subject to variations 
that are related to other phenomena. Helland-Hansen found that in 
1929 the Atlantic water flowing into the Norwegian Sea was not only 
warmer and of higher salinity but that the volume was also greater. He 
points out that such an increased inflow must have had far-reaching con- 
sequences. Owing to the time used by the water to reach tho Barents 
Sea, the effect of the large amount of warm '<vater should have appeared 
in the Barents Sea two years after the water was observed off southwestern 
Norway, and the inflow of warmer water should have led to an increase 
of the ice-free areas in spring. In agreement with this reasoning the ice- 
free areas in the Bai'ents Sea east of 20‘’E in May, 1929, comprised 330 
km®, and in May', 1931, they comprised 710 km*. The causes of such 
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■fluctuations are not knoivn, nor is it kuo'wn ■whether these fluctuations 
aie periodic in character, and the same applies to fluctuations which 
occur in olhei regions of well-defined currents. 

The Labbadou Sea and Baffin Bay. The surface currents of the 
Labrador Sea aie shown in fig. 45. The outstanding features are the 
We.st Greenland Current, which flows north along the west coast of Gieen- 
land, and the Labrador Current, which flows south off the coast of 
Labrador Part of the West Greenland Cuirent turns around when 
approaching Davis Stiait and 
joins the Labrador Current, 
whereas part continues into 
Baffin Bay, where it rapidly 
loses its character a.s a waiin 
current. Along the west side 
of Baffin Bay the Arctic water 
flows south, having been 
partly reenforced by currents 
carrying Arctic water through 
the sounds between the islands 
to the west of Greenland. 

The central areas of the Lab- 
rador Sea and Baffin Bay both 
appear as areas in which nu- 
merous eddies occur, but noth- 
ing is known as to the 
permanency of the details 
shown in the picture. The 
similarity between the Labra- 
dor Sea and the N or wegian Sea 
is striking, but it should be 
emphasized that, whereas the Norwegian Sea is in communication with the 
Atlantic Ocean in the upper 600 m only, so that the deep water is shut 
off, the Labrador Sea is in communication with the Atlantic at all depths, 
and the deep water can flow freely to the south. 

According to Smith, Soule, and Mosby the inflow in the Labrador 
Sea amounts to 7.6 million mVsec, and the outflow along the coast of 
Labrador amounts to 5,8 million m*/eeo, both values referring to flow 
above a depth of 1500 m. From these figures, Smith et al conclude that 
approximately 1.9 million mVsec sink and flow out from the Labrador 
Sea as deep water. This flow to the south has an important bearing 
on the entire deep-sea circulation of the Atlantic Ocean, as will bo shown 
later. 

The Mbmtebranean and the Bpack: Sea. The exchange of water 
between the North Atlantic Ocean and the Mediterranean takes place 
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through, the Strait of Gibraltar, which is noted for its strong currents. 
The bottom topography of the Strait is complicated, because in its shal- 
low portion two or possibly three ridges are present with sill depths of 
about 320 m. The character of the water masses passing in and out 
through the Strait of Gibraltar is illustrated in fig. 46, which shows iso- 
halines and isotherms in a longitudinal section through the Strait in the 
months of May, June, and July. 

In the upper layers, Atlantic water of a salinity somewhat higher 
than 38.00°/oo and of a temperature higher than 13“ flows in, whereas. 



along the bottom, water of a salinity higher than 37.00“/oo and of a tem- 
perature about 13“ flows out. The deeper water in the Mediterranean Sea 
inside the Strait of Gibraltar has a salinity of about 38.40“/oo and a 
temperature of 13°, but in the Strait intensive mixing takes place by which 
the salinity of the outflowing water is greatly reduced and that of the 
inflowing water is increased. In the Strait the inflowing water has a 
thickness of approximately 125 m, but the boundary surface separating 
the inflowing and outflowing layers lies deeper on the African side of the 
Strait, and the greater inflow therefore takes place on the southern side. 
This inclination of the boundary surface is due to the effect of the earth’s 
rotation. The average velocity at the surface in some localities is in 
excess of 200 om/sec (4 knots), and close to the African coast a narrow 
countercurrent with velocities up to 100 cm/seo (2 knots) is often encoun- 
tered. Superimposed on the currents carrying water in and out of the 
Mediterranean Sea are strong tidal currents that greatly reduce the inflow 
when they are directed from the Mediterranean Sea to the Atlantic Ocean, 
and greatly increase the inflow when they are directed from the Atlantic 
to the Mediterranean. The inclination of the boundary surface probably 
varies with the speed of the inflowing current, and great vertical oscilla- 
tions of tidal period therefore take place. 

The average velocity of the total inflow, according to measurements 
on Danish expeditaons, is approximately 100 om/sec (2 knots). By 
means <<£ this value, Schott hae computed the inflow'to be approximately 
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1.75 million mVseo. The average salinity of the inflowing water is 
about 36.25“/oo, and that of the outflowing water is about 37.75°/oo 
With these values, one obtains an outflow of 1.68 million mVsec, and the 
diffeience between inflow and outflow, 70,000 m'/sec, represents the excess 
of evaporation over precipitation and run-off. A fraction of this excess 
is made up, however, by a net inflow from the Black Sea, amounting to 
6500 mVsec (p 180). 

The exchange of water through the Strait of Gibraltar presents a good 
example of how water from one region can be transformed by external 
influences and return as a different type of water — ^in this case as water 
of high salinity. The rapidity of the exchange is illustiated by stating 
that the inflow and outflow aie suflBcient to provide for a complete 
renewal of the Mediterranean Water in about seventy-five years. 

Using the figures that Schott gives foi precipitation and runoff, one 
arrives at the water budget of the Mediterranean Sea proper, which is 
summarized in table 20. From this it appears that the total evaporation 


Tabus 20 

WATER BUDGET OF THE MEDITERRANEAN SEA 


Gama 

1 

m’/sec 

Losiea 

mVeeo 

Inflow from the Atlantic Ocean 
Inflow from the Black Sea 
Fiecipitation 

Run-ofi 

1,760,000 
12,600 
31,600 
7 300 

Outflow to the Atlantic Ocean 
Outflow to the Black Sea 
Evaporation 

1,680,000 
6 100 
116,400 

1,801,500 

1,801,500 


amounts to 115,400 m*/sec, corresponding to an annual evaporation of 
145 cm, which is in fair agreement with the annual evaporation in these 
latitudes according to observations and computations (fig. 13, p. 68). 
As one might expect, the evaporation from the Mediterranean Sea is 
somewhat greater than that from the open ocean in the same latitude, 
which is about 110 cm a year. 

In fig. 47 a schematic picture is given of the surface currents and the 
flow of the Intermediate Water (according to Nielson). Both surface 
currents and inteimediate currents have a tendency to circle the different 
areas in a counterclockwise direction. 

The surface waters of the Black Sea flow out through the Strait of 
Bosporus and through the Dardanelles, and Mediterranean Water fiowi 
in along the bottom. Intensive mixing takes place in these narrow 
straits, and the salinity of the inflowing water is therefore reduced 
from more than 38.50®/oo at the entrance of the Dardanelles to’ between 
35.00 and 30 OOVoo where the bottom current enters the Black Sea at 
the northern end of the Strait of Bosporus. Similarly, the salinity of the 
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outflowing water is increased from about 16.00°/oo where it enters the 
Strait of Bosporus to nearly 3f).00“/oo where it leaves the Dardanelles. 
The outfloAnng and inflowing water masses are separated by a well-defined 
layer of transition that oscillates up and down according to the contours 
of the bottom. The currents through the Strait of Bosporus can well 
be compared to two rivers flowing one above the other in a river bed that 
has a width of about 4 km and a depth of 40 to 90 m. 



Fig. 47. Surface currents (solid arrows) and currents at intermediate depths 
(dashed arrows) in the Mediterranean Sea (after Nielsen). 

Appreciable water masses pass thi’ough the Strait. According to 
current measurements and other observations by A. Merz, the most 
probable values of the outflow and inflow through the Strait of Bosporus 
are 12,600 mVseo and 6100 mVsec, respectively. (The Mississippi River 
carries, on an average, 120,000 m’/sec.) The difference between inflow 
and outflow, 6500 mVseCj represents the excess of precipitation and run- 
off over the evaporation. Precipitation and run-off have been estimated 
at T600 and 10,400 mVsec, respectively, and the evaporation should there- 
fore amount to 11,600 mVseo, or 354 kmVyoar. The area of the Black 
Sea is 420,000 km®, and the above value therefore corresponds to an 
evaporation of 84 cm per year, in good agreement with observed and 
computed values for thfa latitude (p. 68). 

The Caribbean Sea and the Gule oe Mexico. The surface cur- 
rents in spring are shown in fig. 48, A strong current passes through the 
Caribbean Sea and continues with increased speed through the Yucatan 
Channel. There it bends sharply to the right and flows with great 
velodty out through the Straits ctf Florida. On the flanks of the main 
current, numerous eddies are present, of which the oii® the wide bay 
' between Nicaragua and Colombia and the one between Cuba and Jamaica 
are particularly conspicuous. In the Gulf of Mexico, several large eddies 
.esxist, all of which appeal- to be semipermanent features, and thar loca- 
' '.ifiotts seem to T5e determined by the contours of the coast and the eon- 
^ figuration tb^ bobfcoid. 
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The presentation of the currents in fig. 48 is based on ships’ observa- 
tions. When attempting a calculation of currents by means of numerous 
Atlantis data from the Caribbean Sea, Parr found- that the flow is not 
directed parallel to the contours of the isobaric surfaces, but that between 
the Lesser Antilles and the Yucatan Channel the current flows.>uphill. 
Parr suggested that this feature may be due to ‘a piling up of water in 



Fig. 48. Surface currents in spring in the Caribbean Sea and the Gulf of Mexico 
(after Dietrich), 


front of the narrow Yucatan Channel that was caused by the stress 
exerted on the surface by the prevaiiing easterly winds (p. 122). This 
idea was further examined by Sverdrup, who concluded that the piling 
up of the surface water can be fully explained as the effect of winds blow- 
ing with an average velocity of about 10 m/sec, which agrees well with the 
observed values in spring. A further consequence of this piling up is that 
in the Gulf of Mexico a sea level is maintained higher than that along the 
adjacent coast of the "United States facing the Atlantic Ocean. At Cedar 
Keys, off the southwest tip of Florida, the average sea level is 19 cm 
higher than the average sea level at St. Augustine, Florida, on the east 
coast. This indicates that the prevailing winds over the Caribbean Sea 
produce a hydrostatic head which, according to Montgomery, may 
account for the major part of the energy of the Florida Current (p, 164). 

Currents of the Equatorial Part of the Atlantic Ocean 
In the equatorial region the water masses below a depth of 50 to 150 m 
are separated from the surface waters by a layer -within which the density 
increases so rapidly with depth that it has the character of a discontinuity 
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layer. The discontinuity layer is explained mainly as a result of heating 
due to the absorption of radiation from the sun and forced mixing clue to 
wind within the water. Since this water comes from higher latitudes, it 
has a relatively low temperatuie. As the mixing penetiates to greater 
and gi eater depths, the difference in density between the warm surface 
waters and the colder subsurface strata is concentiated in a thinner and 
thinner layer within which the stratification becomes more and more 
stable. When the stratification has become so stable that the layer takes 
the character of a discontinuity surface, further mixing is inhibited, 
because the eddy conductivity is greatly reduced by the exceedingly great 



Pig. 40 A. Topography of the discontinuity surface in the equatonal region of 
the Atlantic, shown by depth contours in meters, and corresponding currents. B. 
Salinity m the layer of majcimum salmity below the disconlinuity layer and assumed 
currents Regions without sahmty maximum shaded (Both representations after 
Defant.) 

stability (p. 20), and the amounts of heat that are conducted downward 
become so small that they are carried away by weak currents Additional 
absorption of solar energy is used mainly for evaporation; the final tem- 
perature that is attained will depend upon the rate of evaporation, and is 
therefore determined by the interaction between the atmosphere and the 
ocean. 

In a given locality the thickness of the up'per warm layer depends not 
only upon the intensity of mixing but also upon the character of the 
circulation in the top layers, because in the presence of currents the dis- 
continuity surface cannot remain horizontal, but must slope (p. 103). On 
the basis of the Meteor data and all other observations available from the 
tropical parts of the Atlantic Ocean, Defant has been able to construct a 
chart showing the topography of the discontinuity surface between 
latitudes 25®N and 25°S (fig. 49) . In the presence of a sloping discontinu- 
ity surface the flow of the water above the surface, relative to the under- 
ling water masses, must, in the Northern Hemisphere, be in such 
direction that the surface sinks to the right of an observer looking in the 
direction of flow, and in the Southern Hemisphere such that the surface 
rinks to the left. On the basis of these rules, arrows have been entered 
showing the direction of flow, which, in general, agrees well with the 
Observ^ average surince currents in Ihe tropical regions of the Atlantic. 
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This picture shows a gyral in the South Atlantic Ocean and demonstrates 
the complicated character ot the cuiients near the Equator, where a 
countercurrent toward the east, the Equatorial Countei current, is 
imbedded between the equatorial currents of the two hemispheres. 

Evidently the countercurrent is lelated to the distribution of mass, as 
is demonstrated by the slope of the discontinuity surface. In a profile 
from south to north the discontinuity surface rises toward the Equator, 
reaches a maximum elevation at the Equator, and drops toward a 
minimum in 2° to 3®N latitude at the noithern boundary of the South 
Equatorial Current. Between 2* to 3°N and 6“ to 8® N the discontinuity 
surface lises toward the north, reaching a second and more pronounced 
maximum in the latter latitude This is the region of the countercurrent, 
and to the north of the second maximum, where the surface slopes down- 
ward again, the North Equatorial Current is found. This distribution of 
mass was first recognized by means of the Carnegie observations in the 
Pacific (fig. 62, p. 194). 

The dynamics of the coimtercurrent has recently been discussed by 
Montgomery, who writes: 

The trade winds, by continually exerting a westward stress on the sea 
surface, produce a westward ascent of sea level along the Equator This 
slope amounts to about 4 cm per thousand km, and the accompanying pres- 
sure gradient extends down to about 150 m in the Atlantic Ocean The 
Equatorial Countercurrents are found in the doldrums. and apparently 
lesUlt simply as a downslope flow in this zone where the winds mamtaimng 
the slope are absent. 

The ascent of sea level from east to west is due to a greater accumula- 
tion of light surface water along the coasts of South America Fig. 49 
shows that such accumulation exists, because the thickness of the homo- 
geneous surface layer above the discontinuity surface increases from less 
than 40 m in the east to about 140 m in the west. Above a depth of 150 
m the isosteric surfaces, thei’efore, slope downward from east to west, but 
below 150 m they are practically horizontal. Accordingly, Montgomery 
and Palmdn find that at the Equator the dynamic height of the sea 
surface, referred to the 1000-decibar surface, is 14 dyn/cm gi eater in the 
west than in the east, but that the ISO-decibar surface is parallel to the 
1000-decibar surface. The coimtercurrent is therefore a very shallow 
current that is confined to the surface layer above the discontinuity. 

A swift current that is embedded between water masses moving in the 
opposite direction must be subject to a considerable retardation because 
of friction, A certain amount of energy is therefore needed ior maintain- 
ing such a current, and this energy, according to Montgomery and 
Palmdn, is derived from the trade winds, which maintain the slope of the 
sea surface. Montgomery and PalmSn assume that the retarding friction 
may be due to lateral mbdng with the westward-flowing equatorial 
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currents, and estimate the coefficient oi horizontal eddy viscosity to be 
7 X 10'' g/cm/sec This concept leads to the impoitant conclusion that 
on both sides of the countercuirent the equatoiial curicnts are subjected 
to great lateial fiictional stresses that are directed opposite to the hon- 
zontal stresses exeited by the trade Viunds on the suiface Similai lateial 
sti esses must be directed opposite to the geneial flow along the conti- 
nental boundaiies of the two laige counterclockwise gyrals of the two 
hemispheres, and the torque exerted by these stresses peihaps balances 
the torque exerted by the stress of the wind on the sea surface The 


25“ S 20“ 15" ICf 5' 0“ 5“ 10“ 15“ 20“ N 25* 



Fig 60 Schematic repiesentation of the vertical circulation within the equatorial 
region of the Atlantic The mam direction of the cui rents is indicated by the lettcis 
W and E The water below the discontinuity surface, which is supposed to be at 
rest, IS shaded 

lateral stresses between the equatorial currents and the countei current 
probably contribute very materially to the total torque, and the counter- 
current represents, therefoie, a dynamically important link in the entire 
system of ocean currents. 

Within the countercurrent and the adjacent equatorial currents the 
frictional forces must lead to a transpoit of water across the isolines— that 
is, to a transverse circulation. This question was examined theoretically 
by Defant, who considered friction due to vertical mixing, but the con- 
clusions are probably also applicable if the friction is due to lateral mixing 
Defant’s results are shown schematically in fig. 50, according to which 
four “cells” are present, representing gyrals with horizontal axes, 
neighboring gyrals rotating in opposite directions. Within the southern 
cell the water sinks in the region of the Tropical Convergence and rises 
^ at the Equator, and within the next cell, located between the Equator and 
the southern boundai’y of the countercurrent, the water rises at the 
Equator and auks at the boundary of the countercurrent Within the 
' countercurrent the water rises at the northern boundary and sinks at 
the soutjxeyn, and within theuoxthern cell sinking motion takes place at the 
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Tropical Convergence and rising motion takes place at the noithern 
boundaiy of the countorcuirent. The data from the Atlantic Ocean 
indicate the existence of these cells, and the Carnegie section across the 
Pacific Counteicurient (fig 52, p. 194) demonstrates their presence con- 
vincingly As a consequence of these transverse ch culatioiis the noithein 
boundary of the countercurient and of the Equator represent hues of 
divergence, whereas the southern boundary of the countercurrent is a line 
of convergence, and individual water masses carried by the different 
currents follow complicated spiral-like trajectories. 

In summer, when the countercurrent is best developed, the effect of the 
divergence at the Equator appears on the charts of surface temperatures 
as a tongue of low temperature, but no effect of the diveigence at the 
northern boundaiy of the counter cm lent is visible (chart 1). 

Currents of the South Atlantic Ocean 

The most outstanding current of the South Atlantic Ocean is the 
Benguela Current, which flows north along the west coast of South Africa 
and is particularly conspicuous between the south point of Africa and 
latitude 17“ to 18“S. In agreement with the dynamics of currents in the 
Southern Hemisphere the denser water of low temperature is found on the 
right-hand aide of the current — ^that is, close to the African coast Under 
the influence of the prevailing southerly and southeasterly winds the 
surface layers are carried away from the coast, and upwelling of water 
from moderate depths takes place in most seasons of the year. As a 
consequence of this upwelling a band of watei of low temperature and of 
relatively low salinity is found along the coast extending out to a distance 
of approximately 200 km. 

Proceeding toward the Equator, the Benguela Current giadually 
leaves the coast and continues as the northern portion of the South 
Equatorial Current, which flows toward the west across the Atlantic 
Ocean between latitudes 0“ and 20‘’S. In the charts which show the dis- 
tribution of surface temperatures, the tongue of low temperature along 
the Equator is due not only to the cold waters of the Benguela Current, 
but also to the divergence along the Equator. The South Equatorial 
Current partly crosses the Equator, continuing into the North Atlanrie 
Ocean, and it partly turns to the left and flows south along the South 
American coast, where it shows up 4s a tongue of water of high tempera- 
ture and high salinity, the Brazil Current. Close to the coast of 
Argentina a branch of the Falkland Current extends from the south 
to about latitude 30“S, carrying water of lower temperature and lower 
salinity. Thus the most conspicuous feature of the currents of the 
South Atlantic is represented by the counterclockwise gyral with the cold 
Benguela Current on the eastern side, the warm Brazil Current on the 
western side, the South Equatorial Current flowing west on the northern 
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side, and the South Atlantic Current flowing east on the southern side. 
It is a system of shallow currents, because the entire circulation takes 
place above the Antarctic Intermediate Water, and near the Equator it is 
probably limited to a depth of less than 200 m. 

From the data of the Meteor expedition, it is possible to arrive at 
some quantitative conclusions. Calculations of the transport through 
vertical sections between South Africa and South America (p. 116) lead 
to the result that the transport above a depth of 4000 m is directed 
toward the north, but this is obviously impossible, because the net 
transpon. through such a section must be nearly zero. In calculating 
the transport, it is therefore necessary to assume a layer of no motion 
at some intermediate depth above which the transport will be directed 
toward the north and below which it will be directed toward tho south. 
The Meteor profiles to the south of latitude 20‘’S lead consistently to the 
result that the intermediate layer of no motion is found at a depth of 
about 1300 m — ^that is, at the boundary between the Antarctic Inter- 
mediate Water and the Deep Water. Thus, the intermediate water and 
the upper water move, on the whole, to the north, whereas the deep water 
moves south, but close to the bottom there is a flow of Antarctic Bottom 
Water toward the north. The net transport to the south below 1300 m 
amounts approximately to 15 million mVsec. 


Table 21 

TRANSPOET OP WATER ACROSS LATITUDE SO'S AND ACROSS 

THE EQUATOR 


Latitude 

Water mass 

1 

Current 

Transport in million mVsec 
toward 

North 

South 

30“S 


Benguela Current 

16 



Upper water 

Bra^ Current 

Central part of South 


10 



Atlantic gyral 

7 

7 


Intermediate water 


9 



Deep water 



18 


Bottom water 

! 

3 


0“ 

Upper water 


6 



Intermediate water 

i 

2 



Deep water 



9 


Bottom water 

1 


1 



The transport through a vertical section in the South Atlantic can be 
studied in greater detail, and approximate values can be computed of 
the amounts of the different types of water that are transported to the 
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north and to the south, taking the continuity of the system into account. 
In table 21 are shown results of such computations as referred to a sec- 
tion in 30°S. The table also contains values for the transport across the 
Equator, but these have been obtained in a different manner. The value 
of a northward tianspoit of about 6 million mVscc of upper water is 
mainly based on a comparison between the waters of the Caiibbean Sea 
and the Sargasso Sea, and the values of the northward transports of 
intermediate and bottom water are estimated. 

The approximate correctness of the figures can be checked by consider- 
ing that the net transport of salt must be zero. A calculation of the net 
transport of salt requires knowledge of the velocity distribution within 
the different parts of the current system, but a rough computation based 
on average salinity values confirms the above conclusions. We shall 
have to return to some of these matters when discussing the deep-water 
circulation, but here it will be emphasized that a large quantity of 
South Atlantic Central and Intermediate Water crosses the Equator and 
entei's the North Atlantic Ocean, where it exercises an influence on the 
character of the waters along the coast of South America, in the Caribbean 
Sea, and in the Gulf of Mexico. 

Currents of the Indian Ocean 

In the southern part of the Indian Ocean a gi-eat anticyclonic system 
of currents comparable to the corrraponding systems of the North and 
South Atlantic Ocean appears to prevail, except that it is subjected to 
greater annual variations. Between South Africa and Australia the 
current is directed in general from west to east. In the souther n summer 
the current bends north before reaching the Australian Continent and is 
joined by a current that flows from the Pacific to the Indian Ocean to the 
south of Australia. In winter the current appears to reach to Australia 
and in part to continue toward the Pacific along the Australian south 
coast. To the north of 20°S the South Equatorial Current flows from 
east to west, reaching its greatest velocity during the southern winter, 
when the southwest monsoon over the northern part of the ocean repre- 
sents a direct continuation of the southeast trade winds on the southern 
side of the Equator, In this season the current is reinforced by water 
from the Pacific Ocean that enters the Indian Ocean to the north of 
Australia, but in the southern summer the flow to the north of Australia 
is reversed. 

In both seasons of the year, part of the South Equatorial Current 
turns south along the east coast of Africa and feeds the strong Agulhas 
Stream. To the south of lat. 30®S the Agulhas Stream is a well-defined 
and narrow current that extends less than 100 km from the coast. Corre- 
sponding to a flow toward the south in the Southern Hemisphere, the 
coldest water is found inshore, and the sea surface rises when departing 
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from the coast. Off Port Elizabeth the li&c amounts to about 29 cm in 
a distance of 100 kra. To the south of South Africa the greatest volume 
of the waters of the Agulhas Stream bends sharply to the south and then 
toward the east, thus returning to the Indian Ocean by joining the flow 
from South Africa toward Australia acioss the southern part of that 
ocean, but a small portion of the Agulhas Stieam water appears to 
continue into the Atlantic Ocean. Owing to the reveisal of the diiection 
of the main current to the south of Africa, numerous eddies develop tha 
result in a highly complicated system of surface currents which probably 
is subjected to considerable variations during the year and to variations 
from one year to another. 

To the north of lat. 10°S the surface currents of the Indian Ocean, 
which are probably nearly identical with the currents above the tropical 
discontinuity surface, vaiy greatly from winter to summer owing to the 
different character of the prevailing winds. During February and 
March, when the northwest monsoon prevails, the North Equatorial 
Current is well developed, and an Equatorial Countercurrent with its 
axis in approximately 7®S is present. Along the African east coast, 
between the Gulf of Aden and lat. 5®S, the current is directed toward the 
south. In August and September, when the southwest monsoon blows, 
the North Equatorial Current disappears and is replaced by the Monsoon 
Current, which flows from west to east. Along the coast of east Africa, 
where the current is directed north from lat. lO^S, water of the Equatorial 
Current crosses the Equator, and considerable upweUing takes place off 
the Somali coast. The Equatorial Countercurrent does not appear to 
be present in this season. 

Nothing is known as to the motion of the water below the tropical 
discontinuity in the northern part of the Indian Ocean. The character 
of the water indicates that no strong currents exist and that only a 
sluggish flow takes place. 

In the southern part of the Indian Ocean the Antarctic Intermediate 
Water probably flows north, but the flow must be loss well-defined than 
the corresponding flow in the South Atlantic Ocean, because in the 
Indian Ocean the Antarctic Intermediate Water loses its typical charac- 
teristics in a shorter distance from the Antarctic Convergence. The 
probable flow of the deep water will be discussed later. 

The data from the Indian Ocean are too scanty to permit many 
quantitative calculations as to the amount of water carried by the dif- 
ferent branches of the current. The only reliable figure that is available 
is found in Dietrich's study of the Agulhas Stream, which transports a 
little more than 20 million mVeec. A transport map similar to the one 
Sox the North Atlantic Ocean cannot be constructed. 

^ The Eup S»a. Tiie exchange of water between the Red Sea and the 
’ adjacent parts of the ocean tahes place through the Sue» Canal and 
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through the Strait of Bab-el-Mandeb. According to Vercelli and 
Thompson, this exchange is subject to a distinct annual variation that is 
related to the change m the direction of the prevailing winds in winter 
and summer. In winter, when south-southeast winds blow in through 
the Strait of Bab-el-Mandcb, the surface layers are carried from the 
Gulf of Aden into the Red Sea, and at greater depths highly saline Red 
Sea Water flows out across the sill. In summer, when north-northwest 
winds prevail, the surface flow is directed out of the Red Sea, and at some 
intermediate depth water having a lower salinity and a lower tempera- 
ture than the outflowing surface water flows in from the Gulf of Aden. 
At still greater depths, highly saline Red Sea Water appears to flow out 
over the sill, but it is probable that this outflow is much less than the 
outflow in winter. On the basis of diicct measurements of currents at 
anchor stations, Vercelli found that in winter the average inflow amounts 
to approximately 0.58 million mVsec, whereas the outflow of Red Sea 
water amounts to approximately 0.48 million m®/sec. No measurements 
are available for summer, but it is estimated that the average annual 
outflow is between 0.3 and 0 4 million mVsec — ^that is, approximately 
one sixth of the amount that flows out through the Straii of Gibraltar. 
This conclusion is in agreement with the fact that the Red Sea Water is of 
less importance in the Indian Ocean than the Mediterranean Water is in 
the Atlantic Ocean. 

Currents of the South Pacific Ocean 

The only major current of the South Pacific Ocean that has been 
examined to some extent is the Peru Current. In accordance with the 
nomenclature proposed by Gunther, the name “Peru Current” will be 
applied to the entire current between the South American Continent and 
the region of transition toward the eastern South Pacific Central region. 
The part of the current which is close to the coast will be called the Peni 
Coastal Current, whereas the part which is found at greater distances will 
be called the Peru Oceanic Current. 

The origin of the Peru Current has to be sought in the subantarctic 
region, where part of the Subantarctic Water that flows toward the east 
across the Pacific Ocean is deflected toward the north when it approaches 
the American Continent. The total volume of water of the current does 
not appear to be very great. On the basis of a few Discovery stations, it is 
found that the transport lies somewhere between 10 and 15 million ms/sec, 
and this figure includes transport of the upper water layers and of 
Antarctic Intermediate Water. The western limit of the current appears 
to be diffuse and cannot be well estabhshed on the basis of the available 
data, but it is probable that the current extends to about 900 km from 
the coast in SS^S. The northern limits, according to Schott, can be 
placed a little south of the Equator, where the flow turns toward the west. 
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Owing to the width of the current and tho &mall ti aUspoi t, its velocities 
are quite hmall This must be true particularly in the case of the Peiu 
Oceanic Current, which, howevei, is httle known Within the better 
known Peru Coastal Current the upwelhng represents a very conspicuous 
feature. The upwelling is caused by the southerly and south-southeast 
winds that prevail along the coasts of Chile and Peiu and carry the waim 
and light surface v;aters away from the coast, resulting in cold water being 
drawn from moderate depths (40 to 300 m) toward the surface. 

According to Schott and to Gunther, the moot active upwelling 
occurs in ceitaip regions separated by regions in which the upwelling is 
less intense Both authors recognize four such regions between lat 3®S 
and 33°S, but they do not agree on the extent of the different regions, 
probably because the regions are not absolutely fixed or because the 
locations asciibed to the different regions may depend upon the available 
data. Gunther has paitieularly examined the two northern regions, 
where the most intense upwelling occurs in 5“S and 15°S, respectively, 
and has shown that the suifaco temperatures in the winter of 1931 (June 
to August) indicate the existence of two tongues of warm water that 
approach the coast to the south of the repons of intense upwelling. The 
upwelled water, on the other hand, leaves the coast as tongues of cold 
water, and thus the distiibution of surface temperatures shows alternate 
tongues of warm and cold water. Schott’s analysis and othci obseiva- 
tions indicate that the locations of these tongues do not vary much from 
one year to another, and the tongues must therefore be either permanent 
or recurient Gunther interprets these tongues as demonstrating the 
existence of swills off the coast, assuming that within one branch of the 
swirl upwelled water moves out and that within another branch oceanic 
water moves toward the coast. 

In early winter, April to June, the shoreward-directed branch of the 
northern swul is well developed and carries water of high temperaturein 
toward the coast in latitudes 9° to 12®S. It may even appear as an 
inshore warm current that brings great destruction to the animal life 
of the coastal waters. In the discussion of the California Current, it will 
be shown that this current is similarly characterized by a series of swirls 
on the coastal side of the current, and that in November to February, 
when there is practically no upwelling, a warm countercurrent flows to 
the north along the coast. 

At the northern boundary of the Peru Coastal Current, certain char- 
acteristic seasonal changes take place. During the northern summer 
the Peru Coastal Current attends just beyond the Equator, where it con- 
verges with the Equatorial Countercurrent, the waters of which in summer 
turn mainly toward the north. In winter the countercurrent is displaced 
further to the south, and part of the warm but low-salinity water bf the 
countercurrent turns south along the coast of Ecuador, crossing the 



WATER MASSES AND CURRENTS OF THE OCEANS 


191 


Equator before converging with the Peru Coastal Current The warm, 
south-flowing cuiient along the coast is known as “El Nifio,” and is a 
regular phenomenon in Februaiy and Maich, but the southern limit lies 
mostly only a few degiees to the south of the Equatoi. Occasionally, 
major disturbances occur that appear to be related to changes in the 
atmospheric cn dilation. In disturbed yeais, such as in 1891 and in 
1925, the El Nino extends far south along the coast of Peru, occasionally 
reaching past Callao, in 12°S Accoiding to Schott, the duration of the 
El Niilo period of 1926 was as follows: 


Off Iiobitos 
Off Puerto Chioana 
Off Callao 
Off Pisco 


lat 4°20'8 Jan 20-Apiil 6 76 days 
“ 7“40'S Jan 30- April 2 63 days 

“ 12'’20'B Maroli 12-27 16 days 

“ 13°40'S March 16-24 8 days 


These figures show that the warm surface waters of the equatorial area 
slowly penetrated to the south, but withdrew much more rapidly, because 
the time interval between the appearance of the warm water off Lobitos 
and off Pisco was 44 days, whereas the time interval between the disap- 
pearance of the warm water at the two localities was only 13 days. The 
surface temperatuie of the water in March, 1926, was up to 7® above the 
average, aa shown in the following compilation: 


Locality 

Lobitos 

Puerto Chicana 
Callao. 

Pisco 


Average temperatuie 
m March 
(»C) 

22 2 
20 3 
10 6 
10 0 


Temperature in 
March, 1026 
C'C) 

27 3 
26 0 
24 8 
22 1 


Details as to the surface salinity are not available, but normally the 
surface salinity between 5“S and 15®S is above 36.00‘’/oo, whereas the 
waters of the El Nifio have a salinity between 33.00 and S^OO'/oo. 

The extreme development of the El Nifio leads to disastrous catas- 
trophes of both oceanographic and meteorological character. The 
decrease of the El Nifio temperature toward the south indicates that the 
waters are mixed with the ordinary cold coastal waters, and during this 
process the organisms in the coastal current, from plankton to fish, are 
destroyed on a wholesale scale Dead fish later cover the beaches, where 
they decompose and befoul both the air and the coastal waters. So much 
hydrogen sulphide may be rdeased that the paint of ships is blackened, 
a phenomenon known as the “ Callao painter.” More serious is the loss 
of food to the guano birds, many of which die of disease or starvation or 
leave their nests, so that the young perish, bringing enormous losses to 
the guano industry. The meteorological phenomena that accompany the 
El Nifio are no less severe. Concurrent with a shift in the currents a 
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shift of tho tropical rain belt to the south takes place. Thus, in March, 
1925, the precipitation at Trujillo, in 8°S, amounted to 395 mm, as com- 
pared to an average precipitation in March of the 8 preceding years of 
only 4.4 mm. These terrific downpours naturally cause damaging floods 
and erosion. In the 140 years from 1791 to 1931, 12 years were char- 
acterized by excessive rainfall at Piura, in lat. S^S, and 21 years by 
moderate rainfall which were, however, greatly in excess of the average. 
During the remaining nearly 100 years the rainfall was close to nil. A 
greater development of El Nino is therefore not an uncommon phe- 
nomenon, but on an avers/ge the catastrophic developments appear to 
occur once in 12 years. The records reveal no periodicity, because the 
interval between two disastrous years varies from 1 year to 34 years. 

The El Nifio is not the only current that brings warm water to the 
coast of Peru with subsequent destruction of the organisms near the coast. 
High temperatures off the coast appear to be an annual occurrence 
in the months of April to June in about lat. 9° to 12®S — ^that is, at and 
to the north of Callao. These high temperatures are due, as was pointed 
out by Gunther, to the greater development of the warm branch of the 
northern swirl, and the water that approaches the coast is in this case 
offshore oceanic surface water of high temperatme and relatively high 
salinity (p. 190). The disastrous effect on the marine organisms is very 
much milder than that caused by the El Nifio, but is otherwise similar 
in character. It may lead to the killing of plankton and fish and to the 
migration of guano birds, but is ordinarily observed mainly by a change 
in the color of the coastal water and by development of hydrogen sulphide. 
Locafiy, these changes are known by the name of “aguaje,” but this name 
is also used synonymously with “Callao painter.” The approach of the 
oceanic water toward the coast is not accompanied by any disastrous 
meteorological conditions. 

On leaving the coast, the waters of the Peru Current join the waters 
of the South Equatorial Current, which flows all the way across the 
Pacific toward the west, but is known only as far as surface conditions 
are concerned. The subsurface data are inadequate for computation 
of velocities and transports, and it is therefore not possible to give any 
numerical values. Some features of this current will, however, be dealt 
with when the currents of the equatorial regions of the Pacific are dis- 
cussed, and it will be shown that the cold water along the Equator does not 
represent a continuation of the Peru Coastal Current, but is due to a 
divergence along tho Equator within the South Equatorial Current. 

The other currents of the South Pacific Ocean are even less known, but 
from the ehatacter of the water masses it appears that two current 
systems exist whose nature may be revealed by future exploration. One 
hig gyral appears to be present in the eastern South Pacific, but in the 
‘ Western Sopth Pacific annual variations are so great that in many regions 



WATER MASSES AND CURRENTS OF THE OCEANS 


193 


the direction of flow becomes reversed, as is the case off the east coast of 
Australia. No chart of the transport by the current can be prepared. 

Currents of the Equatorial Pacific 

In the Equatorial Pacific a chart of the depth to the thermocline 
immediately gives an idea of the currents in the upper layers in the trop- 
ical region (fig. 51). If the motion of the water below the discontinuity 



Fig. 51. Topography of the discontinuity surface in the equatorial region of the 
Pacific shown by depth contours in meteis, and corresponding currents. 


layer is small, the current in the upper layers must be related to the slope 
of the discontinuity layer in such a manner that in the Northern Hemis- 
phere the discontinuity layer sinks to the right of an observer looking 
in the direction of the current and, in the Southern Hemisphere, sinks 
to the left (p. 103). In the figure, arrows have been entered on the basis 
of this rule showing the North and South Equatorial Currents flowing 
toward the west and between them the Equatorial Countercurrent flowing 
toward the east. The South Equatorial Current is present on both sides 
of the Equator and extends to about 5°N, but the North Equatorial 
Current remains in the Northern Hemisphere. Off South America the 
flow is directed more or less parallel to the coast line, turning gradually 
west when approaching the Equator. 

The Equatorial Countercurrent is remarkably well developed in the 
Pacific Ocean, where, according to charts published by Puls in 1895, it is 
present at all seasons of the year, lying always in the Northern Hemi- 
sphere, but further away from the Equator in the northern summer. In 
this season the velocities of the current also appear to be higher, reaching 
values up to 100 cm/seo at the surface. The structure of the water 
masses was first demonstrated by the Carnegie section in approximately 
long. 140“ W, which was obtained in October, 1929. Fig. 62 (top and 
center) shows the temperature and salinity in this section between 
the surface and 300 m. The figure brings out the great variation in the 
depth to the thermocline in a north-south direction, the presence of 
tho surface layer of uniform temperature, and the tongue of maximum 
salinity, which, to the south of the Equator, lies somewhat above the 
thermocline. The bottom section shows the velocity distribution, which 
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has been computed on the assumption of no motion at the 700-deoibar 
surface. These computations are uncertain near the Equator, but the 
resulting picture is remarkably consistent. In this case the counter- 
current lies between 3®N and 10®N, as indicated by the letters stating the 
direction in which the currents flow. 

The maximum velocity at the surface, as computed from the Carnegie 
section (fig. 52), is a little over 50 cm/sec, or about 1 knot, in good 
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HORIZONTAL VELOCITY. CM/SEC 


Kg. 63. Temperature, ealimty, and computed velocity in a vertical section 
between 10“S and in the FachSc Ocean, according to the Carnegie observations. 
Arrows indicate direction of north-south, flow. E indicates flow to the east, W shows 
flow to the west. 

agreement with values reported from ships. According to the Carnegie 
section the countercurrent transports approximately 26 million m’/sec 
to the east, and the volume transport of the countercurrent of the 
Pacific is therefore comparable to that of the Florida Current. The sur- 
face observations seem to indicate that the transport is somewhat less 
in the western part of the ocean and that water is drawn into the current 
as it crosses the Pacific Ocean. 

Montgomery and Palm4n have shown that the countercurrent in the 
Pacific Ocean, as well as that in the Atlantic Ocean, is maintained by the 
piling up of the light surface water against the western boundary of 
theoGeaji,lei^dingatthpEquatortoaslopeof theseasurfaoeof 4.5 X 10^. 
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Within the countercurrent, descending motion takes place at the 
southern boundary and ascending motion at the northern boundary, and 
between the Equator and the countercurrent descending motion takes 
place at the boundaiy of the countercurrent and ascending motion at the 
Equator. Thus, two cells appear with divergence at the northern limit 
of the countercurrent and at the Equator, and with a convergence at the 
southern boundary of the countercmTent. This system, which appears 
so clearly in the Carnegie section, is quite similar to the one that Defant, 
on the basis of theoretical considerations, has derived for the counter- 
current in the Atlantic Ocean (fig 50, p. 184:). 

Owing to the convergence and the divergences the water does not flow 
due east or due west, but superimposed upon the major current there is 
a spiral motion which within the countercurrent carries water from the 
northern to the southern boundary at the surface and carries water in 
the opposite direction at depths between 50 and 200 m. Similarly, 
within the Equatorial Current between the Equator and the counter- 
current the .surface water moves from the Equator toward the counter- 
current, but at depths between 100 and 150 m the water moves in the 
opposite direction. To the north of the countercurrent and to the south 
of the Equator, subsurface water moves toward the divergences at the sur- 
face, and this water must originate from the regions of the Tropical 
Convergences, which lie outside the section under consideration. Accord- 
ing to Defant’s estimate the maximum north-south component of velocity 
is not more than one fifth of the east-west component. 

From the above discussion it is evident that the equatorial divergence 
is not related to the proximity of land and that the conditions met with 
in the Galapagos area and to the west do not simply represent a con- 
tinuation of the conditions off the coast of Peru, as had been previously 
assumed. 

The character of the countercurrent is complicated both at the origin 
of the current between New Guinea and the Philippines and at the termi- 
nation against the American coast. Schott has shown that large season 
changes take place to the north of New Guinea, where from June to 
August the South Equatorial Current follows the north coast of New 
Guinea and converges sharply with the North Equatorial Current in about 
lat. 5‘’N, where the countereurrent begins, whereas from December to 
February part of the North Equatorial Current bends completely around 
off the southern islands of the Philippines, sending pne branch toward 
the southeast along the north coast of New Guinea, and another branch, 
the countercurrent, toward the east. 

Similai’ly, great seasonal variations occur in the Central American 
region, as is evident from tho data presented on the tJ. S. Hydrographic 
Pilot Charts, but in this region the picture is complicated by numerous 
edthes whose locations appear to vary from one year to another. The 
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only persistent features are that the countercurrent is in most months well 
developed between lat. 6“ and and that the gi eater volume of water 
transported by the countei current is deflected to the north and northwest, 
where a strong current prevails off the coast of Central America Another 
but weaker and much more irregular branch turns to the south. In the 
Gulf of Panama, large seasonal changes occur that are associated with 
the change in the prevailing wind direction 

Currents of the North Pacific Ocean 

The North Equatorial Current There is considerable similarity 
between certain cuiTents of the North Pacific and of the North Atlantic 
Oceans, but there are also striking differences that are due mainly to the 
occurrence of large quantities of Subarctic Water in the North Pacific, as 
contrasted to the small amounts of that type in the North Atlantic The 
Subarctic Water of the Pacific and the currents that carry Subaictio 
Water are present in the northern and eastern areas, and similarity to the 
North Atlantic is therefore found in the southern and western part 
of the ocean, where the North Equatorial Currents correspond to each 
other and where the Kuroshio corresponds to the Florida Current and the 
Gulf Stream. 

The North Equatorial Current of the Pacific Ocean nins from east to 
west, increasing in volume transport because new water masses join the 
current from the north. The very beginning of the North Equatorial 
Current is found where the waters of the countercurrent turn to the north 
off Central America. To these water masses are later added the waters 
of the Califorma Current, which have attained a relatively higher tem- 
perature and salinity, owing to heating and evaporation, and which have 
been mixed with waters of the tropical region. Between the American 
coast and the Hawaiian Islands, Eastern North Pacific Water is added 
to the equatorial flow, and to the west of the Hawaiian Islands a consider- 
able addition of Western North Pacific Water appears to take place. No 
details are known as to the character of the current, and only a few 
isolated computations of velocities can be made. These indicate that one 
has to deal with a broad and relatively deep current within which the 
maximum velocities are mostly less than 20 cm/sec. A vertical trans- 
verse circulation is present with ascending motion at the northern 
boundary of the countercurrent and with descending motion at the 
Tropical Convergence. The waters therefore move in a spiral-like 
faslfion, and the motion is probably h^hly complicated owing to the great 
distance between the regions of major divergence and convergence and 
to the presence of local divergence and convergences. 

tt is probable that before reaching the western boundary of the ocean 
the Equatorial Current begins to branch off mainly to the north, but also 
to the south, feeding the oountercurrent. To the ea^ of the 
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Philippine Islands a definite division of the current takes place, one 
branch turning south along the coast of the island of Mindanao and the 
larger branch turning north, following closely the east side of the northern 
Philippine Islands and the island of Formosa The intensity of ihe flow 
to the south vanes with the season, and the same probably is true legai fl- 
ing the flow to the north 

The Kuroshio System. After passing the island of Formosa the 
warm waters continue to the northeast between the shallow areas of the 
China Sea and the submarine ridge on which the Riukiu Islands lie On 
reaching lat. 30®N the cuirent bends to the east and then to the northeast, 
following closely the coast of Japan as far as lat 35®N. The name 
“Kuroshio” is particularly applied to the current between Foimosa and 
lat 35''N, but, in agreement with the nomenclatuie used when dealing 
with the currents of the Atlantic, and following Wust, we shall apply the 
name "Kuroshio system” to all branches of the current system and shall 
introduce the following subdivisions: 

1. The Kuroshio; The current running northeast from Foimosa to 

Riukiu and then close to the coast of Japan as far as lat 36°N. 

2. The Kuroshio Extension: The waim current that repiesents the 

direct continuation of the current and flows nearly due cast, 
probably in two branches, and can be traced distinctly to about 
longitude IfiO^E. 

3. The North Pacific Current. The further continuatibn of the Kuroshio 

Extension that flows towaid the east, sending branches to the 
south and reaching probably as far as long. 160*W. 

To these three major divisions of the Kuroshio system can also be 
added the Tsushima Current, the warm current which branches off on the 
left-hand side of the Kuroshio and enters the Japan Sea following the 
western coast of Japan to the north, and the Kuroshio Countercurreni, 
which represents part of a large eddy on the right-hand side of the 
Kuroshio. 

The Kuroshio. The great similarity between the Kuroshio and the 
Florida Current has been pointed out by Wust. Wtist compares the 
Kuroshio between the Riukiu Islands and the continental shelf to the cur- 
rent through the Caribbean Sea, and the flow of the Kuroshio across the 
Riukiu Ridge in lat. SO^N to the flow through the Straits of Florida. 
This part of the Kuroshio, as well as the current to the south of Shiono- 
misaki in lat. 33°N, long, ISfi^W, has been studied by Japanese oceanog- 
raphers who have conducted eurrent measurements and have occupied a 
large number of oceanographic stations. According to Koenuma, the 
current between Formosa and the southern Riukiu Islands reaches to a 
depth of about 700 m, and the maximum velocity near the surface is 
89 cm/sec. These figures are based on computations, but are in good 
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agreement with direct measui'ementa at one station in the passage The 
transport amounts to about 20 million mVsec. Similar conditions are 
encountered further north between the northern Riukiu Islands and the 
continental shelf, where, however, a weak countercurrent appears to be 
present on the left-hand side of the main flow. The maximum velocities 
in this profile are somewhat above 80 om/sec, and the computed transport 
is 23 million mVsec. 

Off Shiono-misaki in latitude 33“N the character of the Kuroshio is 
closely related to the Florida Current to the south of Cape Hatteras 
The transport of the Kuroshio between the coast and its outer limit is 
greatly increased, but the countercurrent on the right-hand side carries 
large amounts of water in the opposite direction. It is probable that a 
considerable annual variation takes place in the transport, but so far 
little information is available on the subject. 

The temperatures of the Kuroshio water are comparable to those 
of the Florida Current, but the salinities are much lower, the maximum 
salinity in the Kuroshio being slightly less than 35.00®/oo, whereas the 
maximum salinity in the Florida Current is about 36.50Voo. This 
difference reflects the general low® salinity of the Pacific as compared 
to the Atlantic. The temperature of the Kuroshio is subject to a large 
annual variation (p. 78) that is related to excessive cooling in winter by 
cold offshore winds. Off Sliiono-misaki the annual range at the surface 
amounts to nearly 9®, and at 100 m the range is still nearly 4.5®. 

The Kuboshio Extension. In lat. 35°N, where the Kuroshio 
leaves the coast of Japan, it divid® into two branches: one major branch 
that turns due east and retains its character as a well-defined flow as far as 
approximately long. 160°E, and one minor branch which continues 
toward the northeast as far as lat. 40®N, where it bends east. The major 
branch is evident on charts showing the anomaly of the surface tempera- 
ture or the difference between air and surface temperatures in winter. 
According to Schott a tongue within which this difference is greater than 
4®C extends east toward long. 170°E — ^that is, beyond the eastern limit 
of the well-defined flow. Between long. 165® and 160°E, considerable 
water masses turn toward the south and southwest, forming part of 
the Kuroshio Countercurrent, which runs at a distance of approxi- 
mately 700 km from the coast as the eastern branch of a large whirl 
on the ri^t-hand side of the Kuroshio. 

According to the vertical sections of temperacure and salinity in fig. 63 
the Kuroshio Extension is, in long. 163°E, still a narrow current, but, 
continuing toward the east, a section in long. 162°E shows that the current 
has been broken up into a number of branches separated by 'eddies and 
eountetouirents. The change corresponds to the one which, in the 
Atlantic Ocean, takes place between the regions to the south of the Gremd 
' Banks and to idie north of the Azores (see fig. 41, p, 169). 



WATER MASSES AND CURRENTS OF THE OCEANS 


199 


The northern branch of the Kurosliio Extension becomes rapidly 
mixed with the cold waters of the Oyashio, which flow south close to the 
northeastern coasts of Japan, reaching nearly to The extensive 

work of Japanese oceanographers shows that along the boundary between 
the Kuroshio Extension and the Oyashio numerous eddies develop within 
which a thoiough mixing of the water masses takes place. From the 
sections in fig. 53, it is evident that to the north of lat. 36“N the Kuroshio 



Fig 63 Disiiibution of temperatures and aalmitiee lu a vertical section between 
lat. 30‘’28'N, long 160“04'E, and lat. 42‘’40'N and long. 167°00'E (after Udal 


waters, which can be traced to lat. 41®N, have been greatly diluted by 
the Oyashio water. By these processes of mixing a water mass is 
gradually being formed which, is present in the northwestern Pacific 
Ocean and which has been called the Subarctic Water of the North 
Pacific (fig. 40, p. 168). 

These sections bring out the feature that to the north of lat, 3G®N 
intermediate water of a salinity as low as SS.SVoo is found at a depth of 
300 m or less. This water, which contains a considerable amount of 
oxygen, has probably been formed in winter at the convergence between 
the Kuroshio Extension and the Oyashio, and has sunk from the surface 
in a manner similar to the sinking of the Antarctic Intermediate Water. 
From the region of sinking, this intermediate water flows toward, the east 
and spreads over the greater part of the North Pacific. To the south of 
lat. 36®N intermediate water of salinity between 34.0''/oo aud 34,l®/oo is 
present at a depth of about 800 m, but this water represaits the most 
northern extension of the intermediate water that flows north along the 
coast of Japan and turns around as part of the big whirl on the right-hand 
side of the Kuroshio. 

The Noeth Pacieio Guerbite, This term is applied to the general 
eastward flow of warm water to the east of long. IGO^E. Details of this 
flow are not known, but from the Buslmell section of 1934, from the 
Aleutian to the Hawaiian Islands, it is evident that Kuroshio water 
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crosses long. ITO^W, because at a number of the Bushnell stations the 
tomporature-salinity curves are similar to those of the Kuroshio water 
The greater part of this water appears to turn around toward the south 
before reaching 150®W, and only a small portion continues and flows south 
between the Hawaiian Islands and the west coast of North America after 
having been mixed with waters of different origin. The main part of the 
North Pacific Current does not therefore extend across the Pacific Ocean, 
but turns back toward the west in the longitude of the Hawaiian Islands 

The Aleutian (Subabctic) Ctjbbbnt. To the north of the North 
Pacific Current one finds a marked transition to an entirely different 
type of water, the Subarctic Water, which also flows toward the east. 
Between the Aleutian Islands and lat. 42°N the transport above the 
2000-decibar surface of Subarctic Water amounts to about 16 million 
m®/sec. This water mass must have been formed by mixing of Kuroshio 
and Oyashio water, the temperature of the mixture having been reduced 
by cooling and the salinity of the upper layer having been decreased by 
excessive precipitation. One branch of the Aleutian Current turns 
north and enters the Boring Sea, following along the northern side of 
the Aleutian Islands and circling the Bering Sea counterclockwise. 
In the Bering Sea, these waters are further cooled, and, flowing south, they 
reach the northern islands of Japan as the cold Oyashio. The amount of 
water' in this gyral ia not known, but since inflow and outflow from the 
Bering Sea must be nearly equal, it follows that the 15 million m’/aec of 
Subarctic Water that continue east on the southern side of the Aleutian 
Islands are supplied by the Kuroshio, the waters of which have been 
completely transformed by mixing and external influences. 

Before reaching the American coast the Aleutian Current divides, 
sending one branch toward the north into the Gulf of Alaska and another 
branch toward the south along the west coast of the United States. The 
former branch is part of the counterclockwise gjTal in the Gulf of Alaska. 
It enters the Giflf along the American west coast, and, since it comes 
from the south, it has the character of a warm current in spite of the fact 
that it carries Subarctic Water, It therefore exercises an influence on 
chmatic conditions similar, on a small scale, to that which the North 
Atlantic and the Norwegian Currents exercise on the climate of north- 
western Europe. The major branch, which turns toward the south along 
the west coast of the United States, is known as the California Current, 
but before dealing with this it is desirable to discuss the warm-water 
currents between the Hawaiian Islands and the American West Coast. 

The Eastekn Gybai. m the Nobtb Paoieic Oceait. The existence 
of an eastern gyral is recognized mainly by the character of the water 
masses and by the results of computations baaed on observations between 
the Hawaiian Idands and the coast of California and between the 
Hawaiian Idands and the Aleutian Islands. The study of water masses 
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(fig. 40, p. 158) showed that a distinctly different water mass was present 
in the region to the east of the Hawaiian Islands, and that this mass was, 
in part, formed at the boundary between the warmer waters and the 
Subarctic Water between long. 130“ and 150“W. Computation of cur- 
rents and transport, the results of which are shown schematically in fig. 
66, p. 206, leads to the conclusion that a clockwise-rotating gyral is present 
in the eastern North Pacific with its center to the northeast of the 
Hawaiian Islands. It is probable that the location of this gyral changes 
with the seasons and shifts from year to year, so that occasionally the 
gyral may lie entirely to the noitheast of the Hawaiian Islands, whereas 
in other circumstances the Hawaiian Islands may lie inside the gyral 
If the gyral is displaced considerably to the north. Equatorial Water may 
reach as far north as to the Hawaiian Islands, as was observed in 1939 at 
one of the BushneU stations. At the surface the gyral is masked by wind- 
driven jcurrents. 

The Caufoivnia. Cuhrent. The California Current represents, as 
already explained, the continuation of the ^Ale utian Current of the North 
Pacific. The name is applied to the southward flow between lat. 48® and 
23®N, where the Subarctic Water converges with the Equatorial (fig. 40, 
p. 158). The outer limit of the California Current is represented by the 
boundary region between the Subarctic Water and the Eastern North 
Pacific Water, and lies in lat. 32®N at a distance of approximately 700 km 
from the epast, according to the observations by the Carnegie in 1929, the 
LouiaviUe in 1936, and the BushneU in 1939. The total volume transport 
of the California CuiTent above tho 1600-decibar surface is probably not 
more than about 10 million m'/sec, and, in view of the great width of the 
current, no high velocities are encountered except within local eddies. 
As a whole, the current represents a wide body of water that moves 
sluggishly toward the southeast. 

In spring and early summer the California Current is a counterpart 
to the Peru Current, several characteristic features of the two currents 
being strikingly similar. During these months north-northwest winds 
prevail off the coast of California, pving rise to upwelling that begins 
mostly in March and continues more or less uninterruptedly until July. 
Records of surface temperatures show that on the coast the lowest tem- 
peratures regularly occur in certain localities that are separated by regions 
with higher surface temperatures. This is demonstrated by fig. 54, in 
which are plotted the surface temperatures between latitude 32®N and 
46®N along the American west coast in March to June and in November, 
December, and January. In the r^ons of intense upwelling the spring 
temperatures are lower than the winter temperatures;, but in regions of 
less intense upwelling they are higher. 

Recent work of the Scripps Institution of Oceanography demodstratos 
that from the areas of intense upwelling tongues of water of low tempera- 
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ture extend in a boutherly direction away from the coast, and that these 
tongues are separated from each other by tongues of higher temperature 
extending in toward the coast. Within the tongues of higher temperatm’c 
the flow is directed to the north, whereas within the tongues of low 
temperature the flow is directed to the south. Thus, a series of swirls 
appear on the coastal side of the current similar to those that Gunther has 
demonstrated within the Peru Current. 



Fig. 54. Surface temperatures along the coast of California in March to June 
and in November to January. In regions of intense upwelling the average surface 
temperature is lower in March to June than in December to January, 


To the north of latitude 30®N the two most conspicuous centers of 
upwelling are located in latitudes 36*N and 41®N. The two swirls 
associated with these centers of upwelling and the alternating movements 
away from and toward the coast are shown in fig. 65, which is based on 
observations in May to July, 1939. The coast to the south of 34'’N is 
under the influence of water that returns after having traveled a long 
distance as surface water, and, correspondingly, the surface temperatures 
are much higher there than those encountered where the water was 
recently drawn to the surface (fig. 64). A third region of intense upwell- 
ing is found perhaps in about latitude 24®N, on the coast of Lower 
California. 

The upwelling water rises from only moderate depths, probably less 
than 200 m, and the phenomenon therefore represents only an over- 
turning of the upper layers such as is the case in other regions that have 





56. Geopotetttial topography of the sea surface relative to the 1000- 
dwfoar surface off the American lyest ooaet in May to July, lOSQy showmg flow 
juteroatmg away ftom and toward the coast, 
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been examined. According to McEwen the rate of upwolling is about 
20 m a month, and on an average the process is therefore a very slow one. 

During the entire season of upwolling a countercurrent that contains 
considerable quantities of Equatorial Water flows close to the coast at 
depths bolow 200 m. Tliis subsurface countercurrent appears to be 
analogous to a subsurface countercurrent off the coast of Peru. In spring 
and early summer the currents off the coast of California are therefore 
nearly a mirror image of those off the coast of Peru, but the similarity is 
found in this season only because the character of the prevailing winds 
off California changes in summer, whereas off Peru the winds blow from 
nearly the same direction throughout the year. 

Toward the end of the summer the upwelling gradually ceases, and 
the more or less regular pattern of currents flowing away from and toward 
the coast breaks down into a number of irregular eddies, some of which 
carry coastal waters far out into the ocean. Other eddies carry oceanic 
waters in 1 oward the coast, particularly in the regions between the centers 
of upwelling, as shown by Skogsberg in his discussion of the waters of 
Monterey Bay. 

In the fall, upwelling ceases, and in the surface layers a countercurrent 
develops, the Davidson Current, which in November, December, and 
January loins north along the coast to at least lat. 48®N. In this season 
tho subsurface countercurrent still exists, and the main difference between 
the seasons without and with upwellmg is therefore that in the former a 
countercurrent is present at all depths on the coastal side of tho California 
Current, whereas, when upwelling takes place, the countercurrent has 
disappeared in the surface layer, where, in.slead, a number of long- 
stretched swirls have developed This suggests that in the absence of the 
prevailing winds that cause upwelling, a countercurrent would appear on 
the coastal side, as is the case in other localities. 

Transport. On the basis of the values of the volume transport 
of the different branches of the current system that have been mentioned 
and others that have been computed, tho schematic picture in fig. 66 has 
been prepared. The lines with arrows give the approximate direction 
of the transport, and the numbers give the volume transport in millions 
of cubic meters per second. In this case the transport numbers include 
the motion of the Upper and the Intermediate Water, because the Inter- 
mediate Water of the Pacific appears to flow in general in the same 
dhreoUon as the Upper Water. The lines showing the direction of trans- 
■pott are Mi-drawn •yrhere the Upper Water masses ore warm and dashbd 
where they are cold. 

’ The figure shotirs that in the North Pacific Ocean the Equatorial 
Oounterourrent and the Kuroshio are the two outstanding, well-defined 
!, ,eorr«itB. Over the greater part of the Pacific Ocean, weak or chanpng 
fi^eiMpeilts ate present, and the transport numbers that are entered refer 
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therefore to broad crost. sections The figure is intended to bi mg out only 
the major features that have been discussed, and represents the first 
attempt at a synthesis of the available information as to the cii dilation 
in the North Pacific Ocean. 



Fig 66. Transport chart of the Noith Pacific. The lines with arrows indicate 
the approximate direction of the transport above 1600 m, and the insoited uuiubcrs 
indicate the transpoitcd volumes in miUiona of cubic meters por eocoud. Dashed 
hues show cold currents, full-drawn bnoa show warm currents. 


Currents of the Antarctic Ocean 

The Antarctic Circumpolar Current runs from west to east around 
the Antarctic Continent, but is locally deflected from its com o partly 
by the distribution of land and sea and partly by the submarmo topog- 
raphy. The effect of the submarine topography is seen in fig. 67, which 
shows the total volume transport relative to the 3000-decibar surface as 
computed by means of Discovery data, in addition to the results from a 
number of Meteor stations in the South Atlantic. In the figure the 
volume transport is shown by linos that are approximately in the direction 
of transport and which have been drawn with such intervals that the 
transport between two lines equals 20 X 10* m'/sec. As the current 
passes around the Antarctic Continent, it is seen that when approaching 
a submarine ridge the current bends to the left, and after passing the ridge 
it bends to the right. Some of these bends appear on charts of the 
surface currents (see chart 4). 

Besides the bends that are associated with the bottom topography, the 
effects of the distribution of land and sea and of the currents in the 
adjacent oceans are also evident. The location of the Drake Passage 
naturally forces the current further south than in any other region, but 
on the eastern side of South America a branch of the current, the Falkland 
Cun’ent, turns north. Along the east coast of South Africa the Agulhas 
Stream flows south, partly turning into the Atlantic Ocean, but mainly 
bending around toward the east, tod the narrowness of the Antarctic 
Current in longitude 30“® is probably related to the effect of the Agulhftfi 
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Stream. When, the Circumpolar Current haa passed New Zealand, a 
bend toward the north, which corresponds on a small scale to the Falldand 
Current, is evident. 

The transpoit line marked "zero” is not continuous around the 
Antarctic Continent, but begins in the Weddell Sea area and ends against 
the coast of the Antarctic Continent in the region of the Rosa Sea. This 



Fig. 67. Transport lines around the Antarctic Continent. Between two lines 
the transport relative to the 3000-decibar surface is about 20 mMon mVsec. 


feature indicates that our representation is not entirely correct and that 
the transport does not exactly take place along the lines that have been 
entered, because actual lines of equal transport must be closed lines and 
cannot end against the shores. Some transport must take place across 
the lines, and the fact that our ‘‘zero” line stops against the continent 
to the west of Drake Passage indicates that in this narrow passage a cer- 
tain amount of piling up of water takes place and that transport occurs 
here across the contour lines. If the flow is referred to the dynamic 
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topography of the isobaiic suiiacos, this means tliat in Drake Powhage 
and the Scotia Sea the water does not flow parallel to the dynamic eontoui 
lines but flows uphill. Within the Antarctic Oi'cau, this region i.s the 
only one in which theie is evidence of a marked discrepancy between the 
tinea of equal transport and the actual flow of water, and on the whole it 
may be assumed that tfic transport lilies give a fairly correct picture of 
the character of the Circumpolar Current. 

A flow to the west near the Antarctic Continent is evident only 
in the Weddell Sea area, where an extensive cyclonic motion occurs 
to the south of the Circumpolar Current. The water masses that take 
part in this cyclonic movement, however, are small compared to tho.se of 
the Circumpolar Current, and their velocities are small. 

Within the subantarctic region the current is also directed in general 
from west to east, but only the southern portion of the waters close to the 
Antarctic Convergence circulates around the Antarctic Continent and 
forma part of the Circumpolar Current. In the Pacific Ocean the 
northern portion belongs to the current system of that ocean. Thus, a 
strict northern limit of the Antarctic Ocean cannot be established on 
oceanographic principles, but a boundary region has to bo cousidcred 
that, depending upon the point of view, may be assigned- either to the 
Antarctic Ocean or to the adjacent oceans. 

The total transport of the Antarctic Circumpolar Current must bo 
greater than is apparent from fig. 57, which shows only the transport 
relative to the 3000-docibar surface. According to 'the figure tbo trans- 
port through Drake Passage is about 90 million m*/sec, whereas Clowes’ 
computations gave 110 millions above the 3o00-docibar surface. It is 
therefore probable that the absolute transport between the lines in fig. 67 
is not 20 million, but at least 25 million m*. 

This discussion of the Circumpolar Current is based entirely on the 
distribution of mass as derived from deep-soa oceanographic observations. 
The surface currents have been determined independently by means of 
ships’ records and show that the flow of the surface water is governed 
partly by the distribution of mass and partly by the effect of the prevail- 
ing winds. Near the Antarctic Continent, easterly and southeasterly 
winds blow away from the large land masses,' but between latitudes 60“ 
and 40°S strong westerly winds prevail. Correspondingly one finds, as 
seen on chart 4, westward surface currents prevailing near the border of 
the Antarctic Continent and eastward surface cuiTenta at some distance 
from the coast. In the Southern Hemisphere the wind drift deviates to 
the left of the direction of the wind, and consequently the eastward sur- 
face current shows a component toward the north. A divergence must be 
present between the westward and the eastward surface currents, draw- 
ing deep water toward the surface, and in the sections (fig. 68) this 
divergence shows up close to the continent by the high temperature and 
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hifth salinity of the water at a depth of 100 m. Between the Antarctic 
and Subtropical Convex gencea the surface current is generally directed 
toward the cast, but on the northern aide of the Antaictic Convergence 



Fig 58. Diatrlbutioa of temperature and sabnity in a vertical section from 
Cape Leeuwin, Australia, to the Antarctic Contment (after Deacon). 

it shows a component to the south, and at the southern boundary of the 
Subtropical Convergence, a component to the north. The component to 
the south must be associated trith the development of the Antarctic 
Convergence, which has not yet been satisfactonly explained. 

As a consequence of the divergence and convergence at the surface a 
transverse circulation that is superimposed upon the general flow from 
west to east must be present. Such a transverse circulation is evident 
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Irom ihe vertical &ou<ioas m fig 58, m which, between latitudes 46" and 
63°S, the deep watei seems to climb Irom n depth of about 3000 m In 
within 200 m ol the burlaco. The deep watei docs not appeal to icach 
the very suifaco, but withm the entiie aiilHi’ctic legion a eonsideiablo 
amount of deep watei of high aahmty must be added to the suit ace layei , 
because, othoiwise, the aalmity would be lowered by the excess ot piecipi- 
tation and the addition of fie&h watei by the melting ot antarctic icebeigs 
A south wai d flow of deep water is also required for balancing the transport 
to the north of the surface water by the prevailing winds. In the section 
shown m fig 68, sinking of water near the Antarctic Continent piobably 
does not take place, but in the Weddell Sea this sinking is of great impor- 
tance, and a movement of the deep water toward the continent is there 
necessary for the formation of the bottom water Part of this bottom 
water flows away from the Antarctic Continent, but pait mixes with the 
deep water and returns with this water to the antarctic regions (p 214). 

At the Antaictic Convergence, water of relatively low salinity and low 
tempemture sinks. A small portion of the sinking water appears in some 
areas to return toward the south at a depth of a few hundred meters, but 
the greater pait contmues towaid the noith, forming tho tongues of 
Antarctic Intermediate Water that in all oceans can be traced to great 
distances from tho antarctic icgion. It is probable that this water 
gradually mixes with the underlying deep watei and rclums to the 
Antarctic with the deep water. Within the subantaiotic regions tho 
upper watei appears to flow toward the south, but the nature of this flow 
is not fully understood. 

The Antarctic Water that sinks at the Antarctic Convergence has a 
temperature of 2.2" and a salinity of 33 80"/oo- When sinking it is 
rapidly mixed with surrounding waters, and a watei masa, the Antaictic 
Intermediate Water, is formed that spreads mainly toward the north, 
being characterized at its core by a salinity minimum. Owing to con- 
tinued mixing the characteristic temperature-salinity relation of the 
intennediate water changes as the distance fiom the Convergence 
increases, and, since layers of gradual transition are found both above and 
below the water mass, no distinct boundaries can be introduced 

On the basis of these considerafions, one aiiives at the sdiematic 
picture of the transverse circulation that is shown in the block diagram 
in fig. 59. In the diagram the formation of bottom water has been 
taken into aocoimt, and, furthermore, it is indicated that the deep- 
water flow toward the Antai’ctic Continent is strengthened by addition 
of both intennediate and bottom water. The main features of the 
transverse circulation are represented by the sinking of cold water near 
the Antarctic Continent, the climb of the deep water toward the surface, 
the northward flow of surface water, and the sinking of the Antarctic 
Intermediate Water. 
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From the foregoing it is evident that one cannot consider the Antarc- 
tic Circumpolar Water Mass as a body of water that circulates around 
and around the Antarctic Continent without renewal. On the contrary, 
one has to bear in mind that water from the antarctic region is carried 
toward the north and out of the repon both near the surface and near 
the bottom, and that deep water from lower latitudes is drawn into the 



fig. 59. Sohematir representation of the currents and water masses of the 
Antarctic regions and of the distnbution of temperature. 


system in order to replace the lost portions. Through external processes, 
cooling and heating, evaporation and precipitation, freezing and melting 
of ice, and through processes of mixing, the temperature and salinity in a 
^ven locality remain nearly unchanged over a long period, except for 
such changes as are associated with displacements of the currents. Thus, 
the stationary di stribution of conditions that characterizes the entire 
Antarctic Ocean represents a delicate balance between a number of 
factors which tend to alter the conditions. On the other hand, an 
individual water patticle, which describes a most complicated path, is 
subjected to great changes. It may lose its identity by mixing with 
adjacent water masses, or it may have its temperature and salinity 
rascally altered if brought to the surface. 

When examining the djmamics of the Circumpolar Current, Motional 
forces have to be taken into consideration. The stress that the wind 
exerts at the sea surface cannot bo balanced by a piling-up of water in 
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the duwtion of flow (p. 121), because Ihe euiient is continuous avound 
the earth, and therefore it must be balanced by other factional sties&es 
The velocities along the bottom are too small to give rise to botlom 
friction, and one is tlierefoie led to the conclusion that gieat streshcs due 
to lateral mixing exist at the boundaries of the current. The torque 
exerted by these stresses along the quasi-vertical boundary surfaces of 
the current must balance the torque exeited by the wind on the suiface, 
but so far no attempt has been made at an analysis of the dynamics of 
the current, taking friction into account. 

The Deep-Water Circulation of the Oceans 

The manner in which the deep and bottom water is formed has been 
discussed (p. 156) and certain statements as to the deep-water circulation 
have been made, but so far no general review of the deep-watei circu- 
lation has been presented. Table 22 has been prcpaied in order to 
facilitate such a review. It contains temperatures, salinities, and oxygen 
values of the deep and bottom water at fifteen selected stations, six in 
the Atlantic, three in the Indian, and six in the Pacific Ocean, including 
the adjacent parts of the Antarctic Ocean. The oxygen content of the 
water has not been discussed, but is included hero because it is useful 
when examining the slow spreading of deep water. The content is 
generally high near the sea surface, where oxygen is absorbed from the 
air, but low in “old” deep and bottom water, in which oxygen has been 
used up by respiration of marine organisms or for decomposition of 
organic remains. The content of table 22 will not be dealt with sepa- 
rately but must be examined as the discussion proceeds. 

In order to understand the deep-water circulation, one has to bear 
in mind that deep and bottom waters represent water whose density 
became greatly increased when the water was in contact with the atmos- 
phere, and that this water, by sinking and subsequent spreading, fills 
all deeper portions of the oceans. The most conspicuous formation of 
water of high density takes place in the subarctic and in the antarctic 
regions of the Atlantic Ocean. The deep and bottom water in all oceans 
is derived mamly from these two sources, but is to some extent modified 
by addition of high-salinity water flowing out across the sills of basins 
in lower latitudes, particularly from the Mediterranean and the Eed Sea. 

In the North Atlantic Ocean, North Atlantic Deep and Bottom 
Waters flow to the south, the flow being reinforced, and the upper deep 
water being modified, by the high-salinity water flowing out through the 
Strait of Gibraltar, The newly formed deep and bottom water has a high 
oxygen content that decreases in the direction of flow. Fig. 60 and the 
values given in table 22 demonstrate the character of these waters and 
show particularly the increase in salinity at moderate depth that is due 
to addition of Mediterranean water, imtarctic Bottom Water flows in 
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Tabus 22 

TEMPERATURE, SALINITY, AND OXYGEN CONTENT BELOW 2000 
METERS AT SELECTED STATIONS 

(Met = Meteor, Atl •= Atlanti<t, Da => Daria, BAE = BANZ Antaiotio Research 
Exped , Di = Dtacovery, B — B-uthntU, EWS = E W Scripps) 
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Pacific Ocean, and Antarctic Pacific Ocean 
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the opposite diioction, fiom south to noith, and has been traced beyond 
the Equator to latitude 35“N 



Fig 60 Vertical sections showing distnbution of temperature, salmity, and 
oxygen m the Western Atlantic Ocean (after Wust) 


The North Atlantic Deep Water crosses the Equator and continues 
toward the south above the Antarctic Bottom Water On the other 
hand, it sinks below the Antarctic Intermediate Water and therefore, 
in the Sputh Atlantic Ocean, it becomes “sandwiched” between the 
Antarctic Intermediate Water and the Antarctic Bottom Water, both of 
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which arc of lower salinity. In a vertical section the deep water of 
the South Atlantic Ocean is therefore characterized by a salinily maxi- 
mum, but, owing to mixing with the overlying and the underlying 
water, the absolute value of the maximum salinity decreases towaid the 
south. 

The bottom water of antarctic origin is colder than the deep water, and 
south of about latitude 20®S the Antarctic Intermediate Water is also 
colder. In a vertical section the deep water therefore shows a tempera- 
ture maximum and also a decreasing temperature to the south, owing to 
admixture from above and from below. 

In the South Atlantic Ocean a large amount of water of antarctic 
origin, bottom water or intermediate water, returns to the Antarctic after 
having been mixed with the south-moving deep water. According to 
the computations that were discussed on pp. 116, 186 the transport across 
the Equator of North Atlantic Deep Water amounts to about 9 million 
mV^ec, whereas between 20® and 30°S the corresponding transport 
toward the south of deep water is about, 18 million m®/scc. If these 
figures are approidmately correct, they indicate that 9 million m* of 
water of antarctic origin return toward the Antarctic every second. An 
examination of the salinity in^ the South Atlantic Ocean at depths below 
1800 m confirms this conclusion. At the Equator the average salinity 
of the North Atlantic Deep Water between 2000 and 3500 m is approxi- 
mately 34.93°/oo. If this water is mixed with an equal amount of 
intermediate and bottom water of salinity approximately 34.7®/oo) the 
salinity wilH decrease to 34,81®/op, which approximates the salinity of 
the deep water in latitude 40®S. Thus, the deep-water circulation of the 
Atlantic appears to represent a superposition of two types of circulation: 
(1) an exchange of water between the North Atlantic and the South 
Atlantic Ocean that is of such a nature that North Atlantic Deep Water 
flows south across the Equator, whereas Antarctic Bottom and Inter- 
mediate Waters flow north, and (2) a circulation within the South 
Atlantic Ocean, where large quantities of Antarctic Bottom and Inter- 
mediate Water mix with the south-flowing deep water and return to the 
Antarctic. The final result of these processes is that the deep water that 
reaches the Antarctic Ocean from the north is diluted as compared to 
the deep water of the North Atlantic and is of a lower temperature. It 
is this water which contributes to the formation of the large body of 
Antarctic Circumpolar Water flowing around the Antarctic Continent. 
The circulation that has been described is present in the western part of 
the South Atlantic Ocean, but in the eastern part it is impeded by the 
Wslfish ridge. 

In the Indian Ocean there q no large southward transport of deep 
water across the Equator. The data in table 22 show that to the north 
of the Equator the deep water cont^ns an admixture of Red Sea Water, 
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which maintains a i-elatively iugh salinity down to depths exceeding 
3000 meters, but to the south of the Equator (he temperature-salinity 
values indicate only a slight effect of the Red Sea W atei . In the southern 
part of the Indian Ocean an independent circulation must be piesent. 
The deep water from the South Atlanlic Ocean continues into the Indian 
Ocean and is particulaily conspicuous in the western part, where maxi- 
mum salinities of 34 80“/oo have been observed. This water flows mainly 
toward the east, being somewhat diluted by admixtures of intermediate 
and bottom waters. On the other hand, Antarctic Intermediate Water 
flows north, and the bottom temperatures demonstrate that bottom 
water also moves north, and these water masses must return a gain to 
the south. It is probable that the intermediate water and the bottom 
water mix with the deep water and that the return flow takes place 
within the latter. A slight admixture of deep water from the region to 
the north of the Equator that is compensated for by bottom water 
penetrating across the Equator appears to maintain the salinity of the 
Indian Ocean Deep Water at a higher level than would bo the case if no 
addition of saline water took place. Thus the influence of the Rod Soa 
can probably be traced to the Antarctic. 

From the Indian Ocean the Antarctic Circumpolar Water with its 
components of Atlantic and Indian Ocean origin enters the Pacific Ocean. 
The Diacovery and Dana observations in the Tasman Sea between 
Australia and New Zealand, and in the Pacific to the east of New Zealand, 
show that the salinity of the deep and bottom water has been reduced so 
much that the maximum values lie between 34.72 and 34.74*/oo. These 
maximum salinities are found at depths between 2500 and 4000 m, the 
salinity of the water close to the bottom being slightly lower. Prom 
the region where the deep water enters the Pacific Ocean the salinity 
decreases both toward the north and toward the east. The Diacovery 
data indicate that below the Antarctic Convergence a core of water of 
salinity higher than 34.72°/op is found which represents water of the 
Circumpolar Current, but to the north of this region values below 34.7'’/oo 
prevail, increasing uniformly toward the bottom. The Carnegie and the* 
Dana data similarly show that north of 40'’S the highest salinities are 
found near the bottom, and therefore the structure of the water masses 
of the Pacific differs completely from that found in the other oceans, 
where the highest salinities are encountered in the deep water and not 
in the bottom water. This feature can be explained if one assumes that 
in the South Pacific Ocean there also exists a circulation which is similar 
to that of the South Atlantic Mid Indian Oceans — ^namely, that inter- 
mediate and bottom water flow to the north and that a flow of deep water 
to the south takes place. This north-south circulation is superimposed 
upon a general flow from west to east. The Pacific Deep Water is, 
therefore, of Atlantic and Indian origin, but has become so much dilated 
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by adraixtuie of intermediate and bottom water that the salinily maxi- 
mum has disappeared. 
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sea level in both hemisphoros That i& the case in the Atlantic Ocean, 
wheie deep water is loimocl in the Northern Iloraisphere. The water 
that sinks in high latitudes or flows out of the Mediteiianeaii Sea spieads 
at great depths, continues across the Equator, and is replaced by hoii- 
zontal flow from the South Atlantic Ocean In the Indian Ocean a 
similar mechanism opeiates, but on a very small scale, because sinking 
takes place only m the Red Sea, and the amounts of deep water that are 
formed there are small and exercise a significant influence only upon 
conditions to the north of the Equator In the Pacific Ocean no mecha- 
nism exists that will give rise to a considerable exchange of water across 
the Equator, because conditions are such that no deep water is formed 
in the North Pacific. 

On the other hand, since continuity must exist between the South and 
the North Pacific, the depths of the North Pacific Ocean are filled by 
water of the same character as that which is found in the northern 
portion of the South Pacific. The most accurate data that are available 
indicate that a very small exchange of deep water takes place between the 
two hemispheres and that a sluggish motion to the north may occur on 
the western side of the Pacific Ocean, whereas a sluggish motion to 
the south may occur on the eastern side. The uniform chaiacter of the 
Pacific Deep Water is illustrated in fig. 61. 

In the preceding discussion the term “flow of water” has been used 
freely, but one has to deal actually with such slow and sluggish motion 
that the term “flow” is not appropriate, since the average velocities 
must often be measured in fractions of a centimeter per second. 

In conclusion it can be stated that appreciable exchange of deep and 
bottom water across the Equator takes place in the Atlantic Ocean only. 
It is rudimentarily present in the Indian Ocean and practically absent 
in the Pacific. Superimposed upon such an exchange between the 
hemispheres there exist independent circulations in the three southern 
oceans, because Antarctic Intermediate and Bottom Waters return to the 
Antarctic as deep water. This circulation is well established in the 
Atlantic Ocean, and in tho Indian and Pacific Oceans the existence of 
such a circulation is derived partly by analogy with the Atlantic Ocean 
and partly by an examination of the few available precise salinity 
obseiwations. 


Ice in file Sea 

ICB AND IcBBBBGS IN THD Antabctio. Two forms of ice are encoun- 
tered in the Antarctic Ocean: sea ice, which is formed by freezing of sea 
water, and icebergs, which represfflit broken-off pieces of glaciers. The 
appearance of both sea ice and icebergs varies widely. SeVeral classi- 
fications have been proposes! by Transehe, Smith, Maurstad, and 
Zukriegel, and seyeral codes for reporting ice have been introduced, one 
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of which (Maurstad’s) has been adopted by the International Meteoro- 
logical Organization. The classification of sea ice deals with forms 
produced under different conditions of freezing, forms that are due to 
the tearing apart and packing together of the ice under the action of 
winds and tides and forms that result from disintegration and melting 





Pig. 62. Average northern limits of pack ice around the Antarotio Continent in 
March and October (after Mackintosh and Herdman) and average northern limit of 
icebergs aooordmg to British Admiralty Chart No. 1241. 


of the ice. The classification of icebergs is based on the shape of the 
bergs, which depends partly upon the type of glacier from which they 
priginate and partly upon the processes of melting and destruction to 
which they have been subjected. 

The great mass of sea ice around the Antarctic Oontinent is popularly 
described by the somewhat loose term “pack ice,” by which is meant 
drifting fields of close ice, consisting ma^y of relatively flat ice floes, 
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the edges of which aro broken and hummockod. The pack ice is kept 
in motion by winds and currents. The effect of the wind is conspicuous 
when obseiwations are made from a vessel drifting with the ice, because 
every change in wind direction and velocity brings about a corresponding 
change in the drift of the ice. Careful observations of, the ice drift were 
conducted by Brennecko during the diift of the Deutschland in the 
Weddell Sea in 1911-1912. He found that the direction of the ice drift 
deviated on an average 34° from the wind direction, and not 45° as 
required by the Ekman theory of wind currents (p. 125). The dis- 
crepancy was explained by Bossby and Montgomery as due to a layer 
of shearing motion in the water directly below the ice, but it may be due 
in part to the resistance offered by the ice because the wind does not blow 
uniformly over large areas, wherefore the ice is packed together in some 
areas and torn asunder in others. The ice resistance appears, however, 
to be small in the Antarctic compared to that in the Arctic, because in 
the Antarctic the drift of the ice is not impeded by land barriers on all 
sides.* The antarctic pack ice consists therefore of larger ice floes than 
the arctic pack ice and is less broken and piled up. 

The antarctic pack ice has in all months of the year a well-defined 
northern boundary beyond which no great amounts of scattered ice are 
encountered. The northern limits of the ice at the end of the winter 
(October) and the end of the summer (March) are shown in fig, 62. 
Parts of the antarctic coast are always ice-free m summer, such as the 
Pacific side of Graham Land, and other parts are often ico-frec, such as 
the coasts to the south of Australia and Africa. The eastern areas of the 
Weddell Sea and the Ross Sea are always ice-free. The Weddell Sea can 
often be entered from the east without encountering pack ice, but in 
order to enter the Ross Sea it is always necessary to pass through a broad 
belt of pack ice. 

The great icebergs of the Antarctic originate mainly from the shelf 
ice, which represents the direct continuation of the antarctic ice cap 
where it extends into the shallow waters surrounding the continent. 
The shelf ice is partly afloat, and when it is pushed far out it breaks ofi 
in enormous pieces that may be tens of kilometers wide and up to 100 km 
long and rise 90 m out of the water, corresponding to a thickness of about 
800 m. These giant bergs, which have occasionally been mistaken for 
islands, drift through'the pack ice and often move in a direction opposite 
to the ice, because they are carried by currents and are less influenced 
by wind. Since the melting of these bergs takes a long time, they drift 
to greater distances from the continent than the sea ice. Fig. 62 also 
shows the average northern boundary of icebergs according to British 
Admiralty chart No. 1241, but icebergs or remains of icebergs have been 
reported much further north than is indicated by this average limit. On 
April 30, 1894, a small piece of floating ice was sighted in lat, 26°30'S, 
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long. 25'’40'W, but otherwise remains of icebergs arc raicly re])ortod from 
localities north of in the Atlantic Ocean, north of 45°S in the Indian 
Ocean, and north of 50°S in the Pacific Ocean. 

ICB AND IcEBjsnQS IN THE Abctic. The Polar Sea with its adjacent 
seas, the western portion of the Norwegian Sea, Baffin Bay, and the 
western portion of the Labrador Sea are covered by sea ice during the 
greater part of the year, whereas, under the influence of the warm Atlan- 
tic water the west coast of Norway is always ice>-free except for occasional 
freezing over of the inner parts of fjords. 

The arctic pack ice that covers most areas is more broken and piled 
up than the antarctic pack ice. Large, flat ice floes are rare, but fields 
of hummocked ice and pressure ridges rising up to 5 or 6 m above the 
general level of the ice are frequently found. The bioken-up and rugged 
appearance of the arctic pack ice is ascribed to the action of the wind in 
connection mth the restricted freedom of motion of the ice due to land 
barriers on all sides. 

The wind drift of the ice has been discussed by N ansen and by S vorHrup, 
who found that the direction of the drift deviated, on an average, 28“ 
and 33“, respectively, from the direction of the wind, instead of 46“ as 
required by Ekman’s theory of wind currents. The discrepancy is due 
to the re-sistance against motion offered by the ice itself. Because this 
resistance is greatest at the end of the winter, when the ice is most 
closely packed, the deviation of the ice drift from the wind direction is 
smallest at that time of the year. Similarly the wind factor — that is, 
the ratio between the velocity of the ice drift and the wind velocity — ^is 
smaller at the end of the winter than in summer, varying between 1.4 X 
10“® in April to 2.4 X 10“’ in September. 

Under the influence of variable winds the ico, in all seasons of the year, 
is torn apart in some locaUties where lanes of open water are formed, 
and is packed together in others. In winter the lanes are rapidly covered 
by young ice which in a week or less may reach a thickness of 60 cm, but 
from the end of June to the middle of August no freezing takes place, 
because over the entire Polar Sea the air temperature remains at zero 
degrees or a little above zero. Where lanes are formed the ice always 
breaks along a jagged lino, and when the ice fields move apart they also 
are displaced laterally. In summer such lanes remain ice-free, and when 
they close, because the ice is packed together, the two sides of the lane 
do not fit, comers meet comers, and between the corners openings of 
different shapes remain, many of which are several himdred meters 
long. In summer Hie arctic ice fields are therefore not continuous, but 
are honeycombed to such an extent that from no point can one advance 
as much as 10 km in any direction without sferikffig a large opening in 
the ice. This characteristic makes possible the use of a submarine for 
exploration of the Polar Sea, as claimed by Sir Hubert Wilkins. 
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In winter the average thickuoss of the arctic pack ice is pi'obably 
3 to 4 m, and in burainer 2 to 3 in, but under picbsure ridges and great 
hummocks the thickness is gieatei. Huminocked ice is often found 
stranded where the depth is 8 to 9 m, and in exceptional localities where 
strong tidal currents prevail, masses of piled-up ice have been found 
stranded where the depth was 20 m. The ice passes through a regular 
annual cycle In summer, raeltmg takes place for two or three months, 
and on an average the upper 1 m of the ice melts. In winter, ice forms 
on the underside of the floes, but the thicker the ice is, the slower the 
freezing. The average thickness of the ice depends mainly upon the 
rapidity of melting in summer and freezing in winter, and is therefore 
determined by climatic factora. Near shore, river water and warm 
offshore winds facilitate melting and the development of navigable lanes 
of open water along the coasts. In recent years the USSE has been able 
to take advantage of such lanes along the north coast of Siberia for 
establishing shipping connections with the large Siberian rivers. Aerial 
surveys of ice conditions have preceded the operations and ice breakers 
have been used whore necessary. 

Within the greater pait of the Polar Sea the ice moves mainly under 
the action of the winds, but it is also carried .slowly by currents toward the 
opening between Spitsbergen and Greenland. The speed of the current 
increases when approaching the opening, and great masses of ice are 
carried swiftly south by the East Greenland Current. Since 1804 detailed 
information as to the extent of the sea ice in the Norwegian Sea and in the 
Barents Sea has been annually compiled and published by the Danish 
Meteorological Institute. 

The icebergs in the Arctic originate from Raders, particularly on 
Northern Land, Franz Josef's Land, Spitsbergen, and Greenland. No 
icebergs are encountered in the Polar Sea except near Northern Land, 
Franz Josef’s Land, and Spitsbergen, because the Greenland gladers do 
not terminate in the Polar Sea. The glaciers on the first three islands are 
small and produce only small icebergs. By far the greater number and all 
large icebergs originate from the Greailand glaciers and are carried south 
by the East Greenland and Labrador Currents. These icebergs are 
generally of irregular shape, because the Greenland glaciers do not form 
thick shelf ice comparable to that of the Antarctic, but terminate in fjords 
where piece after piece breaks off as the glacier advances. Some fjords 
are closed by shallow sills on which the berp run aground. 

Many of the icebergs that are carried south by the East Greenland 
Gimrent disintegrate before they reach Cape Farewell, the southern cape 
of Greenland, but others are carried around the south end of Greenland 
and continue to the north along the west coast. They are joined by other 
icebergst from the West Greenland glaciers and together with these are 
finally carried south by the Labrador Current, The iceberp reach farth- 
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est south off the Grand Banks of Newfoundland in the montlis March to 
June or July, when they repreaent a serious menace to shipping. After 
the Titanic disaster in 191 1 the International Ice Patrol was established in 
order to safeguard shipping by reporting ieebergs and predicting theh 
probable course. The ice patrol is conducted by the U. S. Coast Guard, 
the publications of which contain a large amount of information as to the 
number, distribution, and drift of icebergs in the legion of the Grand 
Banks. Prediction of the drift has been based successfully on currents 
computed from the distribution of density as observed on cruises during 
which several linos of oceanographic stations have been occupied in about 
two weeks. This work of the U. S. Coast Guard is the most outstanding 
example of practical application of the methods for computing ocean 
currents (p. 111). 



CHAPTER X 


Interaction Between the Atmosphere and the Oceans 


Character of Interaction 

From the preceding discussions of the heat budget of the oceans and 
the relationship between the prevailing winds and the ocean currents, 
it is evident that the oceans must exercise a profound influence upon the 
climates of the world and upon the larger and smaller features of the 
atmospheric circulation which together determine the weather, and that, 
conversely, the atmosphere controls to a great extent the oceanic circular 
tion. The interaction, however, is so complicated that it is as yet 
impossible to separate cause and effect. 

The ocean currents are closely related to the prevailing winds, and the 
energy needed for maintaining the currents is derived from the stresses 
that the winds exert on the sea surface. However, the currents would 
alter the distribution of density if this distribution were not also controlled 
by exchange of heat with the atmosphere and by processes of evaporation, 
precipitation, and radiation. Thus, the approximately stationary dis- 
tribution of density in the oceans represents a state of dynamic equilib- 
rium in which changes induced by the action of the winds are balanced by 
changes related to the processes of heat conduction, evaporation, pre- 
cipitation, and radiation, all of which are closely related to the state of the 
atmosphere It might appear, therefore, as if the oceanic circulation and 
the distribution of temperature and salinity in the oceans are caused by 
the atmospheric processes, but such a conclusion would be erroneous, 
.because the energy that maintains the atmospheric circulation is to a 
great extent supplied by the oceans. It will be shown that this energy 
supply is very localized, owing to the character of the ocean currents, and 
that therefore the circulation of the atmosphere, which depends upon 
where energy is supplied, must be influenced by the oceanic circulation. 
The reasoning leads to the conclusion that one cannot deal independently 
with the atmosphere or the oceans, but must deal with the complete 
system, atmospWe-oceans. - This fact has been recognized in oceanog- 
raphy, where one gets nowhere by neglecting the relation to the atmos- 
phere, but in meterorology it has not yet received sufficient attention. 

When dealing with the entire system the processes at the boundary 
between atmosphere and ocean— that is, at the sea surf aoer— murfb be fully 

223 



224 INTERACTION BETWEEN THE ATMOSPHERE AND THE OCEANS 


und(*ratood, and in the earlier chapters emphasis has been placed on dis- 
ousaiou of these processes. Heat exchange and evaporation have been 
dealt with, and the conditions that furthei or reduce these processes have 
been described. The stress of the wind has been discussed, and the rela- 
tion of the ocean currents to the prevailing winds has been dealt with 
As far as the atmosphere is concerned, only Ihe very lowest layeis that are 
in immediate contact with the sea surface have been considered, but it 
will now be attempted to point out some of the larger features of the 
atmosphere that are' directly related to the distribution of land and sea 

The Oceans and the Climate 

The influence of the oceaim on the climate has long been recognized 
The two most extreme types of climate that are related to the distribution 
of land and sea are the continental and the maritime. The continental 
type, which is found over great inland areas, is characterized by warm 
summers and cold winters and, therefore, by a wide range in temperature 
between summer and winter, and by warm days and cool nights, and thus 
by a wide range between day and night. Mostly, it is also characterized 
by littlo cloudiness and little precipitation. In contrast, the maritime 
climate, which prevails over the oceans, is characterized by a small annual 
variation in temperature, by cool summers and mild winters, by a veiy 
small range of temperature between day and night, and often by great 
cloudiness and considerable precipitation. In middle ]atitude.s the gen- 
eral circulation of the atmosphere is directed from west to east, and ea^t 
coasts are, therefore, greatly under the influence of winds blowing from a 
large continent, whereas west coasts are under the influence of onshore 
winds from the sea. In these latitudes, therefore, the east coast. s have a 
more continental climate and the west coasts 'a more maritime climate. 
In equatorial regions the circulation is from east to west and the climatic 
conditions of the coasts are reversed, but the differences are small. 

The great difference between the contmental and the maritime cli- 
mates of middle and high latitudes is mainly due to the fact that the solid 
earth, in contrast to the ocean, does not store any appreciable amount of 
heat. Only the very surface of the laud is subjected to temperature 
chAug es, ' and the surface temperature is, therefore, greatly raised in 
BTttwTn Ay when heai is received from the sun, an d g reatly reauced in win ter 
^when ^cessive loss o f heat bv radiation take s place! Similarly, “th?” 

fATTi perat ure is inc reased during the day and reduced during the nightr' 
"~Th6 ocean, on tne other hand, can store large g-mounts of heat, because m 
summer processes of vertical mixing distribute the heat absorbed from the 
sun over a relatively thick layer of water, the temperature of which will be 
only moderately increased. In winter the loss of heat similarly takes 
place from a considerable layer of water, for which reason the temperature 
of the surface of tihe sea will be small. If processes of mixing 
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took place but if horizontal ocean cuttonts wci<* lackinft, thcie would still 
bo a inaiked difference between the climate of the land and that oi the 
oceans, and a difference between the climate ot the coast and that of the 
inland aieas. The climate over the oceans would be much more unifoim 
than that over the continents, and the climate of the coasts would be 
milder than that over the inland. When dealing with actual conditions 
it must be taken into account that ocean cunents exist that also tend to 
modify the distribution of temperature of the suiface waters and to bring 
into one area waters that are abnormally warm and into anothei aiea 



waters that are abnormally cold. Thus the circulation of the ocean will 
alter the climate over the sea itself and will modify the climate of the 
coasts, because the cun-ent flowing along one coast may be abnormally 
warm and the current flowing along another coast may be abnormally 
cold. The influence will evidently depend upon the character of the 
currents, which, again, is controlled by the prevailing winds and the 
processes of heating and cooling to which the waters of these currents have 
been subjected in course of time. 

The difference in climate between the east coasts and the west coasts 
in tniddle latitudes can be brought out by considering specific examples pf 
difference in the annual march of temperature on both sides of the Pacific 
Ocean. Yokohama and San Francisco are nearly in the same latitude, 
but the annual march of temperature in these localities is widely different, 
)js is evident from fig. 63, in which the mean monthly temperatures are 
showm At Yokohama the average temperature of the coldest month is as 
low as 3.0*j but the warmest month has an average tenaperature of 25,4*. 
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Tho groat range of 22.4° clearly demonstrates the continental character 
of the climate of Yokohama. In San Francisco, on the other hand, the 
coldest and warmest montlis have average temperatures of 9 7° and 15 2°, 
rospoctively, and tho small range of only 5.6“ clearly demonstrates that 
San Francisco, from this point of view, has a maritime climate. 

A comparison of the air temperature with the water tempeiatures off 
the coasts is of further interest (fig. 63). Off Yokohama tho water tem- 
perature varies duiing the year between 16.6“ and 26,2°, and in nearly all 
months the water is wanner than the air. The groat difference in winter 
is particularly striking, and is due to the fact that the northerly winds 
bring air of low temperature. Off San Francisco, on the other hand, 
the water temperature off the coast varies only between 11.3° and 14.6°. 
The coldest water is found in April and May, because in these months the 
upwelling (p. 201) is most intense. The air temperature throughout the 
year remains very close to the water temperature, but is generally some- 
what higher. It is quite evident that the low spring temperatures in 
San Francisco are closely associated with the cold waters off the coast, 
and that there, in contrast to the conditions at Yokohama, the air tempera- 
ture is to a great extent controlled by the temperature of the currents off 
the coast. At Yokohama the warm water off the coast makes the winter 
milder, but the air temperature is not completely controlled by the water 
temperature. The difference is due to the fact that in Y okohama offshore 
win^ prevail during the winter, whereas in San Fiancisco onshore winds 
prevail. The specific influence of the ocean currents gives San Francisco 
an abnormally low summer temperature and a relatively high winter 
temperature. Any number of examples could be added, but it is sufficient 
to refer to the Climatological Charts of the Oceans. These charts, 
together with representations of the currents of the oceans, clearly 
demonstrate the relation between the oceanic circulation and the climates 
of the coasts. 


The Oceans and the Weather 

The relations between the ocean currents, temt)eratures, and the 
weather are equally important, but, being more difficult to examine, these 
relations have received little attention. For this reason we shall deal 
mainly with one subject — ^namely, the regional difference in evaporation 
and in heat exchange between the atmosphere and the ocean. 

It was emphasized that great evaporation takes place where and when 
the surface temperature of the water is higher than the temperature of 
the air a few meters above the water (p. 64). From the discussio n 
of the oc ean current s jye know that in mid dlg latitu des the currents amty 
wsjm -vrater away from the Equator along thiS'^tern coaste of the emti- 
Tenta. and cold water s toward the Equator alone the western coasts UST 
winter the winds on aneastern coast in middle latitudes blow, in general, 
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from the west carrying cold continental air, whereas on a western coast 
the winds, while also blowing from the west, carry relatively warm 
mai’itime air. Thus, in middle latitudes, the waters off the continental 
cast coast are in winter much warmer than the air, but off the west 
coast the waters may be colder. Consequently, one must expect that in 
winter the evaporation in middle latitudes is localized, taking place 
primarily off the eastern coasts of the continents. The above reasoning 
applies equally well to the amounts of sensible heat given off from the 
ocean; that is, in middle latitudes, in winter, heat is conducted from the 
oceans to the atmosphere mainly off the east coasts of the continents. 
The condensation of water vapor in the atmosphere is one of the major 
sources of heat supply to the atmosphere as a whole (p. 6), and in 
middle and high latitudes is probably the major one, particularly in 
winter. Since evaporation is localized, it seems reasonable that conden- 
sation is alsb localized, so that the regional heat supply to the atmosphere 
depends upon the interaction between the sea and the atmosphere. 
Both the major features and the details of the atmospheric circulation 
are dependent upon where the supply of energy takes place, and it 
follows therefore that the weather over wide oceanic areas and on coasts 
and even over inland areas must reflect the results of the interaction. 

The conclusions as to the localization of the regions of maximum 
evaporation and heat transfer have been confirmed by Jacobs for the 
North Atlantic and the North Pacific. It was shown (p. 61) that both 
evaporation and heat transfer can be computed from meteorological data 
and sea surface temperatures, provided that certain results in fluid 
mechanics are applicable to the air flow directly over the sea, and that 
the results of a few measurements of humidity gradients over the sea 
can be generalized, The evaporation, E, can be derived by the 
formula 

E = — e,^W, 

where is the vapor pressure at the sea surface, So is the vapor pressure 
in the air, and W is the wind velocity. 

The evaporation can be expressed as the thickness of the water 
layer which evaporates in a given length of time, such as centimeters of 
water per day, or in units of heat required for the evaporation from a 
given area in a given time, such as gram calories per square centimeter 
per minute or per day. If the evaporation is expressed as heat, Q», the 
corresponding amount of heat given off to the atmosphere, Qh, is (p. 63) 




0.6iQ, 


e«, — Ca lOOO’ 


where is the surface temperature of the water, t^ois the temperature 
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of the air, and p is the atmospheric pressure. The total energy lost by 
the water is therefore 

<3. = e. + a. = Me. - e.) (l + 0.64 IF, 

The numerical values of the constant k depend upon the units em- 
ployed and upon the heights above the sea surface at which the vapor 
pressure in the air and the wind velocity are measured. The constant 
can be determined on a semi-theoretical basis, or, wben average values of 
observed dififeronces and wind velocities are introduced, it can also be 
derived by requiring that the computed annual energy loss from the 
the oceans must equal the total radiation surplus (p. 67). 

The latter method was adopted by Jacobs, who based his investi- 
gations on the climatological charts of the oceans, published by the 
U. S. Weather Bureau. These charts contain the avei’age wind velocities 
in the four seasons for all oceans and for the North Atlantic and the 
North Pacific; they also contain charts for seasons of the temjferature 
dillerence — i?a), for values of the sea surface temperature, and for 
the wet-bulb depression. Thus, the necessary data are available for 
carrying out tho computations for the two oceans. 

Mgs. 64 and 66 show Jacobs' charts for the total amount of energy 
given off from the sea surface in summer and winter, expressed in g 
cal /ora*‘/day. The charts clearly demonstrate that in the Tropics nearly 
the same amounts of heat are given off in the two seasons, whereas in 
middle and higher latitudes the atmosphere receives very little energy 
from the oceans in summer but gi'eat quantities in winter. It is also 
seen that in winter by far the greater amounts of energy are transferred to 
the air off the east coasts of the continents, in the Atlantic Ocean from 
the Gulf Stream system, and in the Pacific Ocean from the Kuroshio 
system. 

The importance of the ocean currents to the localization of the areas 
in which energy is given off to the atmosphere is further illustrated by 
figs. 66 and 67. Fig. 66 shows the net annual surplus of radiation that 
the water receives. It has been computed by correcting Kimball’s 
charts of the incoming radiation from the sun and sky for reflection loss 
at the sea surface and by subtracting the net back radiation to the atmos- 
phere as derived from the sea surface temperature, the humidity of the air 
over the oceans, and the cloudiness (p. 59). During the year the oceans 
in all latitudes receive a surplus of radiation, but north of latitude 26‘’N 
the surplus decreases with increasing distance from the Equator. In 
latitudes JO^N to 45‘’N it is smaller off the east coast of the oontinefits 
tlift.Ti off the west coasts because of the difference in cloudiness. 

If the oceans were at rest and if the mean anntial temperature re- 
mained constant, the annual radiation surplus in every locality would 
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have to be given off to the atmosphere — that is, in every locality one 
would have Qr = Qa- In the presence of currents this relation is valid 



Fig 64 Total amount of energy given off in summer from the Noi th Pacific and 
North Atlantic Oceans (gram calories per square centimetei per day) 



Pfg. 68. Total amount of energy given off in winter from the Notth Pacific and 
North Atlantic Oceans (gram calories per square centimeter per day) Location of 
polar and arotio fronts is indicated. 



Fig. 66. Net annual sui^las of radiation penetrating the water surface (gram 

eslories per square centimeter per day). 

» 


for the oceans as a whole, but for any given locality 

0* ^ Or Qa- 

Here 0» represents the total surplus energy received by every square 
centfaneter of the surface, taking the exchange of eneigy with the atmos- 
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) 


phero into account This surplus must, if positive, ho carried out of the 
water column by currents and procosbes of mixing, and it then represents 
the part of the radiation surplus, On which is stored in the water. A 
negative surplus means that energy is carried into the water column by 
currents and processes of mixing and is given off to the atmosphere 
together with the radiation surplus. 

The annual values of On are shown in fig, 67, which illustrates that 
heat is stored in the water over great areas of the ocean, particularly in 
middle and lower latitudes off the western coasts of the continents and 
that enormous quantities of heat are lost from the Gulf Stream system 
and the Kuroshio system. Mg. 67 is mainly of oceanographic interest, 



Fig 67 Total annual surplus of energy leceived by the ocean water (gram 
calories per square oentimeler per day) when the exchange of energy with the atmos- 
phere 18 taken into account Areas with positive surplus arc shaded 


but it serves in this connection to emphasize the part played by the 
ocean currents in concentrahTig the radiation surplus that the oceans 
reemve and thus localizing the regions in which large amounts of energy 
are supplied to the atmosphere. 

Returning to the energy given off to the atmosphere, fig, 68 shows 
the seasonal variation in energy used for evaporation, energy given off 
as sensible heat, and the sum of both items between the parallels of 
36°N and 40®N in the Pacific and Atlantic Oceans. This figure again 
illustrates the strikiag contrast between the western and eastern sides of 
the oceans. The amounts of energy given off from the Kuroshio and the 
Gulf Stream areas are many times greater than the corresponding 
amounts given off from the eastern parts of the oceans, and at the same 
time the annual variation on the western mde is both absolutely and 
relatively (that is, expressed m percentage of the mean annual amounts) 
many times greater than on the eastern side. The sharp peak of the 
energy curve in the Gulf Stream as contrasted to the broader band over 
the Kuroshio region is related to the course of the two currents. Between 
latitudes 36® and 40® N the Gulf Stream flows to the east-northeast, 
whereas the Kuroshio continues nearly due east. The fact that only 
small amounts of energy we given off between longitude 160®W and the 
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west coast of the United States cleaily demonsliatcs that Ihe “waun 
Japan Current” does not exercise any direct influence on the climate ot 



the North American west coast, because it does not leach within several 
hundred miles of that coast (p 200). 

The contrasts between the two sides of the oceans ore again brought 
out in figs. 69 and 70, which show the variation with latitude of energy 
given off in different seasons along the western and eastern sides of the 
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two oceans at distances of a few hundied kiloineterb from the coasts. 
Along the western bides— that is, off the eastern coasts of the continents — 
the gioate&t amounts of cneigy in all seasons except summer axe given off 
between latitudes 26°N and 40® to 60®N, but along the oastein sides — 
that xs, oft the webtern coasts of the continents — the euoigy given off xn 



Fig 70 Energy exchange between the sea surface and the atmosphere in different 

seasons of the yeai along the western and eastern, sides of the North Atlantic Ocean 


winter is at a minimum in these latitudes. In the Tropics the seasonal 
variations are small except near the Equator off South America, where 
complicated hydrographic conditions are encountered, but in middle 
latitudes the seasonal variations are very large on the western sides. 

The meteorological consequences of these conditions have not yet 
been examined, and it is therefore impossible to indicate more than a few 
In fig. 64 the average locations in winter of the Polar and Arctic Fronts 
over the Pacific and the Atlantic are indicated accorifing to Petterssen. 
The two main fronts both lie on the eastern side of the areas fyom which 
large amounts of energy are supplied to the atmosphere The secondary 
Polar Front m the Pacific, which Petterssen places to the west of the 
Hawauan Islands, also lies close to a region that shows a secondary 
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maximum ot cncigy supply In the Pacific the Arctic Fiont crosses the 
Aleutian Islands and passes ovei the eastern pait of Beiing Sea and the 



Giilf of Alaska, where the energy supply reaches another secondary 
rna'^dmiiTn. In the Atlantic the Arctic Front crosses Iceland, The 
isolines fer energy supply do not extend beyond Iceland, but it is evident 
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that the Atlantic Arctic Front also is located in a region of great eiicigy 
supply. 

By comparing fig. 64 with figs. 66 and 42, which show the transport 
of water by currents in the Pacific and the Atlantic, it is seen that the 
regions of maximum energy supply to the atmosphere are found whore 
water is transported from lower to higher latitudes. Thus, in winter 
a close relationship exists between the direction of the ocean currents and 
the location of the atmospheric fronts. The fact that the frontal zones 
appear to be located where energy is supplied to the atmosphere suggests 
that in vointer the formation of disturbances along the Polar Front and the 
Arctic Fronts cannot be explained without considering thermodynamic 
processes. 

Figs. 64 and 66 show only the average amounts of energy supplied 
from the sea surface, but when dealing with questions in synoptic meteor- 
ology the amount of energy supplied to an indtvidual air mass must be 
examined, and this amount depends upon the past history of that air 
mass. Thus, polar air flowing out over the ocean will in winter be 
heated intensely and will receive a large supply of water vapor, whereas 
tropical air flowing north will be cooled and may lose water vapor by 
condensation on the sea surface. The importance of these processes 
toward changing the character of the air masses is fully recognized in the 
meteorological literature, but data have been lacking for quantitative 
studies of these changes and their consequences. 

Still another aspect should be mentioned. When discussing the ocean 
currents it was stated that the energy for maintaining the oceanic 
circulation is primarily derived from the stress that the prevailing winds 
exert on the sea surface. It is shown here that the Iqcalization of the 
energy given off from the sea surface is closely related to the oceanic 
circulation, but this localization, in turn, exercises a considerable control 
over the prevailing winds. This means that the interaction is complete. 
Every change in the circulation of the atmosphere must lead to a change 
of the ocean currents, which, again, must affect the atmosphere. Tlfis 
fact has also been fully recognized by meteorologists, and many attempts 
have been made to establish the sequence of events in this complicated 
series. Emphasis has been placed on finding certain time lags that may 
have a forecasting value.. It is reasoned that the heat content of the 
ocean waters is very great compared to that of the atmosphere, and that 
therefore any change in ocean currents will for a long time influence the 
air temperature and the circulation. In some instances a close corre- 
lation has been found between variations in ocean temperature and 
subsequent variations in air temperattire, such as those along the west 
coast of Norway, where, according to Helland-Hansen and Nansen, high 
winter temperatures are experienced if, in the preceding summer, the 
heat content of the Atlantic water off the coast was high, and vice versa, 
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The cause of the variations in the heat content of the watoi oi such 
variations in volume tiansport as ai'e desciibcd on p 176, however , is not 
undei stood. 

It is not yet possible to deal with the system atmosphoi e-ocean as one 
unit, but it is obvious tliat, in ticating separately the circulation of the 
atmosphere, a thoiough consideiation of the interaction between the 
atmospheie and the oceans is necessary. 
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spreading, illustrated, 178 
North Atlantic, 166 
spreading, illustrated, 173 
North Pacific, 156 
formation, 199 
illustrated, 199, 216 
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International lee Pal col, 37, 106, 111, 320 
Irmingoi Current, 1 64, 170 
Isobanc surfaces, 95 
absolute topography, 96, 100, 168 
inclination of, 96, 103, 104 
relative lopography, 99, 100-103, 107, 
168 

illustrated, 107, 132, 203 
K 

KirchhoS's law, 3 
Kuroshio, 92, 197-200 
annual variation temperature, 78, 
79 

illustrated, 79 
definition, 197 
eddy coefficients, 23, 24 
energy given off from, 230 
illustrated, 206 

Kuroshio Counteiourront, 197, 198 
Kuroshio Extension, 198, 199 
definition of, 197 
Kuroshio system, 107 
energy given off from, 330 

L 


North Equatorial Current; 

Atlantic Ocean, 103, 183 
illustrated, 171 
Indian Ocean, 188 
Pacific Ocean, 193-196 
illusiiated, 205 

North Pacific Cm rent, 199, 200 
North Pacific Subarotio Current (we 
Aleutian Curionl) 

North Polar Sea: 
currents, 176 
deep water, 167 
Norwegian Current, 174-176 
illustrated, 175 

relation to Gulf Stream system, 164 
O 

Oceanographic expeditions, 35 
Ooeanographir vessels, 35-37 
Oxygen content: 
illustrated, 213, 216 . 

indicator of convection, 170, 171 
indiSator of deep>sea currents, 2ll 
related to layer of no motiop, IIQ 
tables, 170, 212 
Oyashio, 169, 200 


Labrador Current, 168, 169, 177 
icebergs carried by, 221 
illustrated, 177 
Laminar boundary layer, 118 
Laminar flow (motion), 10-18 
Law of parallel solenoids, 109 
Level surfaces, 98 


M 

Mediterranean Sea, currents, 179 
illustrated, 180 

Mediterranean Water, 178, 179 
formation, 84, 157 

) influence on Atlantic Deep Water, 211 
renewal, 179 
spreading, 01, 173 
illustrated, 173 
Messengers, 43 
Mimng length, 118 
Momentum, tinnsfee, 8, 18 

N 


isen it^tbr hotljo, 41, 48 
[pirated, 42 

* ""'aPiafibn Hadfalion) 


P 

Pendulum day, 94, 96 
Peru Current, 189-192 
Qomparison with California Current, 
201-204 
water of, 162 

PettorsBon photographic recording cur- 
rent meter, 64 
Photoeleotrio cells, 28 
Piling up of wator by wmd, 121 
Planck's law, 2, 8 
Polar Front, 232, 234 
Potential temperature, 14 
Precipitation, 5, 71, 78 
difference (E — P), 71-73 
lUustcafed, 71 
table, 72 

Pressure (see also Isobario surfBOes): 
internal field, 101 
slope field, 103 
standard field, 101 
units used, 10 




lUdiatioA; 

absorption in atmosphere, 1, 5, 7^*61 
aesorptiop in, pure ’vrater* 26, 22^ 
Ultistrated, 54 
^ble, 29 
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Radmiion {coni ) 

tilwo»plu>h m son wntor {kit aho 
Radiation, nxiinotion coeiUcionts), 
27 31, 54-67 
illustinU'd, 54, 67 
tablo, 50 
black body, 1 
tUustralcd, 2 

oflfcclive back, 4, 49, 68-61 
extinction ooeliicients in tho sea, 27-31, 
64 

table, 29 

extinction ooefHcients of total energy, 
64, 66, 67 
table, 66 

from sun and sky, 49, 61-63 
annual range, illustrated, 77 
table, 62 

Irom the sun, 3, 61 
long-<wave, definition, 4 
mcasuroments, 28 

nool 4 iinal (iee also Radiation, effective 
back), 4 

reflection fiom earth’s surface, 3, 61 
reflection fiom icc surface, 34, 60 
lofloction from sea siufaco, 63, 64 
table, 63 
scattering, 27-32 
selective, 2 

selective absorption, 3 
shoit-wavo, definition, 3 
solar constant, 3, 51 
“eurtace loss," 65 

surplus received by oSeans, 60, 228, 229 
illustrated, 229 
Red Sea, currents, 188-189 
Red Sea Water 
formation, 84, 157 

influence on Indian Ocean Deep Water, 
214, 216 
spreading, 189 
Refractive mdex, 8, 9, 17 
Reynold’s stresses, 18, 21, 117 
Roughness length, 1}.9 

8 

Wimtyr 

annual vanation at surface, 74 
average surface values, 71-73 
illustrated (chart 3, following p. 235) 
table, 72 
v d^jfinitlon, S; 9 
•Sea icSr' 

cla^floal^on, 2i7« 218 
ifirSSshlja; and mating, 32 
Sffetfb on heat budget, 60, 61 
1 ^ the 4ttta-rot{c, 217-219 
limits, lUustrated, 218 


Sea ICC (conf ) 
in the Autic, 220, 221 
amount mfliicnocd by (uiients, 176 
physical properties, 33, 34 
salmity, 33 
Secclii disk, 27, 32 
Sheltering coeffioieul, 138 
Solar constant, 3, 61 
Solenoids, law of parallel, 109, 112 
South Equatorial Cunent* 

Atlantic, 185, 186 
crossing the Equator, 103 
Indian Ocean, 187 
Facifio, 192, 195 
Specific gravity (see Density) 

Specific heat, 13, 19 
all, bl 

Specific volume, 12, 100, 101 
anomaly, 12, 100, 101 
in siiu, 12 
Stability, 100 

influence on turbulence, 19, 20, 21 
Stefan’s constant, 2 
Stefan's law, 2 

Stiait of Bosporus, cuiients, 179 
Sliait of Gibraltar, ciuients, 178 
Stratospheie, oceanic, 86 
Stream lines, 106, J06 
Strew of wind, 118-121 
table, 120 

Subautarotio Water, 160, 162 
distribution, 160, 162 
illustiated, 168 
Subarctic Watei, 160, 109 
Atlantic, 170 
distiibution, 160, 162 
illustrated, 168 
Pacific, 199, 200 
Surface ot no motion, 109-111 
Surface tension, 16, 17 

T 

Temperature 
adiabatio changes, 14 
annual variation, at surface, 69, 77, 78 
annual vanation in surface layer, 78-80 
illustrated, 78, 80 
average surface volues, 74, 76 
illustrated (charts 1 and 2, foUowing 
p, 236) 
table, 76 

difference, sea surface minus afir, 
76-77, 226, 226, 228 
importance tq heat exchange, 61, 
02, 226-228 

diurnsl vanatioh at surface, 80-82 
table, 81 

dmmal vanation in surface layer, 82 
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Toniperaturo (coni ): 
potential, 14 

TompcraUivo-Halimty curve, 8^91 
illustrated, 87, 88, 159 
used for detecting errors, 44 
Thermal conductivity, 13, 18 
Thermal expansion, 8, 11, 12 
Thermograplis, 40, 41 
Thermometers, 37 
reversing, protected, 38 
CBversiwg; dHpimtanW, -A? 
surface, 37 
Thunderstorms, 62 
Tidal currents, SO, 02 
Tidal energy, 50 
Topography; 
geopotential, 08 
of isobaric surfaces, 99 
Trajectories, 106, 106 
Transparenoy, 28, 31 
Transport, 114 
Agulhas Stream, 188 
Antarctic Circumpolar Current, 206, 
207 

illustrated, 206 
bcnguela Current, 186 
Boring Strait, 174 
Brazil Current, 186 
by relative currents, U4-llfl 
by wind currents, 123 
Denmark Strait, 174 
Drake Passage, 207 
Jlquatorial Oounterourront Pacific, 
194 

Labrador Current, 177 
Mississippi River, ISO 
JTorth Atiantic, 171-173 
nVoHitnHtof, j?ri! 

North Pacific, 204, 205 
illustrated, 206 
Peru Current, 189 
South Atlantic, 110, 116, 186, 214 
Strait of Bab<,eLMandeb, l^g 
Strait of Bosporus, 180 
Strait of Gibraltar, 179 
Tropobphere, oceanic, 86, 162 
Tsushima Curreiit, 197 
Turbulence (turbulent flow), 17-19, 117 
l^rizontal, 18~21 
in air, 6i-63, 119 
influence of stability on, 19-21 

1 

IT 

Ppwdiingl 

, del)® of,’ 1^1, -190, 20? 
dIfeiA fflt-agftl^uei^yftria^op uf tempfera- 
79’A ' , I, , 

Climate;, , 


UpwoIUng (cant,): 
localization of, 190, 202 
illustrated, 202 

off coast of California, 201-204 
off coast of Peru, 190 
off west coast of Nortli Africa, J63 
off west coast of South Africa, 185 
proccas of, 85, 131 
thermodynamics of, 162 

r 

Vapor pressure; 

difference, sea surface minus air, 63 
effect on evaporation, 66, 227 
influence on back radiation, 59 
over sea water, 15, 62 
Viscosity (see also Eddy viscosity): 
dynamic, 16, 18, 117 
kinematic, 117 

W 

Wake stream, 166, 167 
Water mass, definition, 88 
Water masses (aec also Bottom Water, 
Central Water, Deep Water, Inter- 
mediate Water), 16^168 
formation, 89-91, li)6 
by sinking of surface water, 156-157 
by subsurface mixing, 157, 160 
illustrated, 169 
Water type, definition, 88 
Wave of translation, 147 
Waves (see also Wind waves) ! 
caused by earthquakes, 147-149 
destructive, 147 
“tidal,” 147-149 
West (Sreoni’ancf Ciirront, ITT 
illustrated, 177 
Wind: 

factor, 126-127, 220 
goestropMc, 08 

piling up of water due to, 121-123, 181 
stress, 50, 92, 118-121 
table, 120 

Wind ourrents, 123-129 
effect of stability on^ 128, 120 
in shallow water, 127-128 
illustrated, 128 
secondary effect of, 129-133 
illustrated, 130, 132 
transport by, 1^3 
velomty of, 126' , 

Wind drift of ice, 210, 220 
Wmd waves; 
breahers, 146 
dissipation, 14^ 
enei^ar, 142' 
fofm, 136 
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Wind waves (coni ): 

Rrowth, 143 
height, 135, 141, 1 12 
intoiforence, 139, 140, 144 
illnstintPd, 140, 144 
length, 135, 136 
tabic, 130 
long-eiosted, 140 

motion of water particles, 137, 138 
table, 138 
origin, 133, 143 


Wind wavts (coni )• 
penud, 135, 136 
tabic, 130 

shoit-riostcd, 110, 141 
iiliiatintcd, 141 
shortest possible, 134 
steepest possible, 137 
steepness, 145 

velocity of piogiess, 135, 143, 144 
table, 136 
wave tiains, 139 
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